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In these supplemental materials, we provide the theoretical, experimental, and complementary
analytical basis for the proposed magnetophoretic modulation of BaSO4 scaling. We �rst distin-
guish the Lorentz/Faraday�Hall response of the ionic electrolyte from the magnetic-gradient force
acting on magnetizable contaminants, showing that the former is not expected to measurably af-
fect homogeneous nucleation and growth, whereas the latter can promote NMP agglomeration and
heterogeneous template formation. We then describe the laboratory and industrial setups, the
paired �eld/zero-�eld comparison criterion, and the limitations of conductivity and turbidity as in
situ probes. Complementary XRD, SEM/EDS, magnetization, and susceptibility analyses are pre-
sented to support the interpretation that magnetic-�eld gradients act mainly through heterogeneous,
particulate-assisted pathways. Finally, an industrial-scale case study illustrates how �eld-gradient
e�ects can modify phase composition, magnetic response, and scale evolution along a production
line.

SM1. Two magnetic-force mechanisms and their in�uence on nucleation and growth processes1

In typical laboratory, domestic, or industrial anti-scale magnetic treatment (ASMT) setups, a time-independent
magnetic �eld is applied to a �owing, supersaturated, scale-prone �uid. Such supersaturated contaminant-bearing �uid

can be conceptually separated into two components, as illustrated in Fig. SM1: (i) an electrolyte, i.e., an ion-bearing
solution, as shown in Fig. SM1(a), and (ii) a suspension of contaminants, as shown in Fig. SM1(b).
Within the magnetic zone, the applied �eld may be decomposed as H = Hdc +Hr, where Hdc denotes the uniform

component and Hr the spatially varying component, for which ∇H ̸= 0. In such a two-component �uid, two magnetic-
force mechanisms are relevant: the Lorentz force, which acts on the ionic subsystem through H, and the magnetic-
gradient force, which acts on magnetizable particulates through the spatially nonuniform �eld component.

A. Lorentz force on the ionic subsystem [Fig. SM1(a)]

For ionic species of charge number zi and molar concentration Ci moving with average velocity v through a magnetic
�eld H, the Lorentz-force density can be written as3�6

fL,i = ziCiF v ×H, (SM1)

where F is Faraday's constant. This force drives positive and negative ions toward opposite sides of the tube, producing
only a negligible charge accumulation at the boundary. The resulting charge separation generates an internal electric
force, qE, which rapidly counterbalances the Lorentz force [Fig.SM1(a)].3,4,7�14 At equilibrium, the net force on the
ions vanishes, yielding a steady boundary charge distribution and an induced electromotive response that is largely
composition-independent, without any signi�cant change in the bulk ionic concentration.
This balance between the Lorentz force and the induced electric force suggests that, under our conditions, the

direct Lorentz-force contribution is unlikely to measurably a�ect the ion-activity product, aap.
7 Accordingly, it is also

unlikely to alter the thermodynamic driving force for homogeneous nucleation or, by extension, homogeneous growth
kinetics. For a homogeneous precipitation process, such as that of BaSO4 or CaCO3, the thermodynamic driving
force is governed by the supersaturation state,
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FIG. SM1. Schematic illustration of the magnetically induced processes considered in this work. (a) Magnetically induced

ionic charge separation in a �owing electrolyte through a cylindrical tube while a magnetic �eld, B,2 is applied perpendicular
to the �ow direction. The circular inset shows the cross-sectional view of the tube looking into the �ow direction.
(b) In�uence of a magnetic-�eld gradient on ferromagnetic-like nanomagnetic particles (NMPs) dispersed in the �owing �uid,
with the velocity distribution indicated in the inset. Three regions are envisaged: (b.1) before the magnetic-�eld zone, where
the NMPs are mostly dispersed; (b.2) within the magnetic-�eld zone, where only the magnetic �ux is shown�intentionally
exaggerated to illustrate a strong magnetic-�eld gradient�and no NMPs are displayed (see the expanded view); and (b.3)
after the magnetic-�eld zone, where both residual single NMPs and NMP-agglomerates are present. The expanded view shows
the local magnetic �ux threading an in�nitesimal �uid element embedded in a cylindrically symmetric �ow. Since the local
velocity within this element can be treated as approximately uniform and constant, and since acceleration, shear, and rotational
e�ects are assumed to be negligible over the relevant length and time scales, the processes occurring inside the element may
be described in an approximately inertial reference frame moving with it. Within this element, the �eld gradient polarizes and
orients the NMPs, thereby promoting their mutual magnetic attraction. As discussed in the main text, this local magnetic
interaction can lead to NMPs agglomeration and partial stabilization, provided that it competes e�ectively with the opposing
e�ects of hydrodynamic drag and Brownian motion.
(c) Proposed post-magnetic-zone pathway for the agglomerated MNPs and their role in heterogeneous nucleation and growth.
In (c.1), the MNP-agglomerates that survive the hydrodynamic forces are swept downstream after exiting the magnetic-�eld
zone, together with remaining unagglomerated MNPs (not shown). In (c.2), these magnetic agglomerates act as templates for
heterogeneous nucleation and subsequent growth of supersaturated BaSO4. In (c.3), the resulting particulates are envisaged as
core�shell structures, with an MNP-agglomerate core surrounded by a diamagnetic BaSO4 shell. A distribution of both core
size and shell thickness is expected in the �nal population of core�shell particulates.
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where K
eq
sp is the equilibrium solubility product.15,16 Thus, if a uniform magnetic �eld does not measurably change

aap, conductivity, or pH, as observed under the present conditions and in Refs. 1, it does not measurably alter ∆µ
and, consequently, the thermodynamic driving force for homogeneous nucleation.
The same reasoning applies to the main kinetic quantities of the homogeneous process, since the nucleation rate,

RN, induction time, τind, and rough-face growth rate, RG, are primarily controlled by the same supersaturation
measure:15

RN ≈ K1 exp
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)
, (SM3)

where K1�K4 are taken to be �eld-independent prefactors under the present conditions.
Within Classical Nucleation Theory,15 the same supersaturation dependence determines the critical diameter, dc,

corresponding to the maximum of the homogeneous nucleation barrier. Clusters larger than dc tend to grow sponta-
neously. For a spherical BaSO4 nucleus,

dc =
4σVm

kBT ln S
∝ 1

ln S
, with S =

√
aap
Ksp

, (SM4)

where σ is the BaSO4/solution interfacial energy, Vm is the molecular volume of BaSO4 in the crystal, kB is the
Boltzmann constant, T is the absolute temperature, and S is the supersaturation ratio. For �xed experimental
conditions, the factor 4σVm/(kBT) is constant. Since dc ∝ 1/ ln S, the critical size decreases rapidly with increasing
supersaturation. Under highly supersaturated and non-equilibrium conditions, such as rapid mixing of concentrated
barium and sulfate streams, the nucleation barrier is strongly reduced and dc may fall within the sub-nanometer to
few-nanometer range, corresponding to clusters containing only a few tens to hundreds of ionic units. Within the
present argument, these homogeneous-nucleation estimates remain magnetic-�eld independent.

B. Magnetic-gradient force on magnetizable particulates [Fig. SM1(b)]

For suspended entities with molar susceptibility χm and molar concentration C in a nonuniform magnetic �eld, the
magnetic-gradient force density can be written, to leading order, as5,17,18

f∇H ≃ ∇
(
µCχm
2

H2

)
, (SM5)

where µ is the permeability of the medium. For particles with positive magnetic-susceptibility contrast relative to
the surrounding liquid, such as ferromagnetic or ferrimagnetic particulates, this force drives magnetophoretic motion
toward regions of higher �eld intensity.19 To rationalize the local action of this force in the �owing �uid, we consider,
in Fig.SM1(b), a cylindrically symmetric velocity distribution and focus on an in�nitesimal �uid element moving
with a locally uniform velocity through an otherwise weakly diamagnetic background. Within this element, the
�eld gradient polarizes and orients the NMPs, inducing magnetophoretic drift and promoting their mutual magnetic
attraction, which can lead to agglomeration. Thus, the relevant process is not necessarily the macroscopic migration
of either the �uid element or the NMPs across the entire magnetic zone toward the strongest-�eld region. Rather,
it is the local polarization, alignment, and aggregation of magnetically responsive particulates within a small �uid
element threaded by the magnetic �ux.
Thus, the magnetophoretic response can drive local particle assembly and coalescence into larger magnetic agglom-

erates, which may then act as heterogeneous nucleation templates for subsequent scalant deposition, as schematically
shown in Fig. SM1(c). In this picture, the resulting particulates are expected to develop a core�shell morphology,
with a magnetic agglomerate core surrounded by a diamagnetic scale shell. Because both the initial contaminant
population and the agglomeration process are size-distributed, a corresponding distribution of core sizes and shell
thicknesses is also expected.
This mechanism is fundamentally di�erent from the Lorentz-force response of the ionic subsystem discussed in

� SM1A. The Lorentz force is rapidly balanced by the induced Faraday�Hall electric �eld and does not measurably
modify the bulk ion-activity product. By contrast, the magnetic-gradient force acts directly on magnetically responsive
particulates and can promote their redistribution, alignment, and agglomeration.

C. Paired �eld/zero-�eld comparison

The above analysis provides a natural distinction between the zero-�eld and �eld-applied cases. It motivated
us to apply, consistently throughout this study, a paired �eld/zero-�eld comparison in which otherwise identical
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experiments were performed with and without an applied magnetic �eld. This comparison isolates the magnetic
contribution, since all nonmagnetic factors a�ecting nucleation and growth are common to both cases and can therefore
be �ltered out during the comparison. As an illustration, in the absence of an applied magnetic-�eld gradient,
precipitation may proceed through a combination of homogeneous and nonmagnetic heterogeneous nucleation and
growth. In the presence of an applied �eld gradient, however, an additional heterogeneous pathway becomes available
(see Fig.SM1(b-c)): magnetically responsive particulates are polarized, aligned, and agglomerated by the �eld gradient,
forming templates that can lower the e�ective barrier for heterogeneous nucleation and promote subsequent growth.
Thus, any signi�cant magnetic in�uence on precipitation is expected to arise mainly from magnetic-gradient forces,
magnetophoretic aggregation, or magnetically responsive contaminants, rather than from a direct modi�cation of bulk
homogeneous nucleation.
Our empirical results, discussed in the main text, are consistent with this distinction/interpretation. Under other-

wise identical experimental conditions, the structural, magnetic, elemental, and morphological analyses di�er markedly
between the cases with and without an applied magnetic-�eld gradient. We therefore interpret the �eld-applied case
as involving a magnetically activated heterogeneous pathway, in which magnetophoretically agglomerated NMPs act
as templates for BaSO4 nucleation and growth. We further assume that the lower-bound size of these magnetically
agglomerated templates is comparable to, or larger than, the homogeneous critical diameter dc estimated in Eq. SM4.

D. Field-driven NMP agglomeration and template stability under competing hydrodynamic and Brownian
forces

The above description raises two related questions: how can NMPs agglomerate in a recirculating system subject
to Brownian motion, viscous drag, mechanical agitation, and centrifugal pumping; and, if such agglomerates form,
how can they remain su�ciently stable to act as templates for heterogeneous nucleation and growth?
At present, our answer is primarily phenomenological. In the paired �eld/zero-�eld comparison, Brownian di�usion,

viscous drag, mechanical agitation, and pumping are present in both experiments. Therefore, the marked di�erences
observed in the magnetization curves, as well as in the ex situ structural and morphological analyses, are most naturally
associated with the applied magnetic-�eld gradient. Within the framework of Figs. SM1(b,c), these observations imply
that magnetic polarization and local NMP aggregation can withstand the competing dispersive e�ects over the relevant
experimental time scales; otherwise, no �eld-dependent ex situ di�erences would be observed. In a magnetophoretic
Péclet-number picture, this means that the e�ective magnetic contribution to particle assembly is su�ciently large to
compete with, and likely exceed, di�usive randomization under the conditions where �eld-dependent morphology and
magnetization are observed. Thus, the relevant magnetophoretic Péclet number is expected to be larger than unity.
Within this framework, the proposed mechanism may be summarized as follows. Inside an in�nitesimal �uid

element, the magnetic-�eld gradient polarizes the NMPs. The polarized particles then interact magnetically, align
along the local magnetic �ux, and attract one another, forming small oriented agglomerates. Among these, the
agglomerates that successfully act as templates for the onset of nucleation and growth become further stabilized by
the deposited scalant phase. This produces a positive feedback process, analogous to crystal growth on a stable
nucleus: once deposition begins, the growing shell increases the e�ective size and persistence of the aggregate, helping
it withstand Brownian and hydrodynamic e�ects that would otherwise disorient or redisperse it. This feedback-
stabilized agglomeration provides the physical basis for the magnetic-template mechanism proposed in Fig. SM1.
This discussion strengthens the mechanistic basis of our interpretation while preserving its phenomenological char-

acter. A quantitative evaluation of the competing magnetic, Brownian, viscous, and hydrodynamic forces under the
actual experimental conditions would be highly desirable and represents an important next step in the investigation
of this magnetohydrodynamic precipitation process.

SM2. Structural robustness, morphologies, and nucleation�growth pathways in BaSO4

The crystal structure of BaSO4 (barite) is orthorhombic (space group Pnma). Ba2+ cations form a dense framework
bonded to strongly covalent SO4

2� tetrahedra, yielding a rigid, close-packed, chemically stable structure. These
attributes underlie both the tenacity of BaSO4 scaling and its widespread use in drilling �uids.
The barite P�T phase diagram is well established within P < 10GPa and T < 1000◦C.20�22 The barite phase is

retained in BaSO4 scale across broad growth conditions�ionic strength, supersaturation, temperature, pH, additives,
and �eld�with negligible impact on lattice symmetry or metrics.
BaSO4 scaling�often triggered by mixing incompatible waters�can proceed via homogeneous nucleation in the

bulk or heterogeneous nucleation on preexisting surfaces. The dominant pathway is governed by supersaturation,
availability of foreign surfaces, magnetic �eld, pH, temperature, and pressure, which together control both the rate of
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TABLE SM1. Representative experiments and conditions: For each run, Sieq, we list: index (i=7-8,10-17); reaction route
(eq =Eqs.1,2); magnetic �eld (H = 0 or 8 kOe); Fe-based contaminant (mol% of Fe2O3 or Fe2O3NP relative to Ba); �lter
pore size (7, 8µm); and the corresponding �gure (Fig#). In situ: σi,eq and pHi,eq denote conductivity and pH; turbidity
was not measured for runs i=1-18. Magnetization: MiH and MiL are isotherms at 300K and 15K; χiC and χiW are
susceptibilities on cooling and warming. XRD: Rietveld-re�ned unit-cell parameters (a, b, c). SEM/EDS: micrographs
and stoichiometric coe�cients (mole fractions of S, O, and Fe normalized to Ba). The �nal two columns give the total
normalized mass percentage of all impurities (�Other�) and of Fe (�Fe�). Because EDS is less sensitive to light elements, O
and S values are qualitative.

Sample H Fe2O3 Fe2O3 NP Filt σ pH MH ML χC χW XRD a b c SEM Ba S O Fe Other Fe
# [kOe] % % [µm] [mS/cm] [memu/g] [µemu/g] [Å] [Å] [Å] stoichiom. coe�. norm. mass

Fig.# nominal SM2(a) SM2(b) SM5(a) SM5(b) SM5(c) SM5(d) SM3 ± 0.0001 Å SM6 %.
S7eq1 0 1 0 8 σ7eq1 pH7eq1 M7H M7L χ7C χ7W (g) 8.877 5.4543 7.1532 - 1 0.7 2.5 0.001 1.5 0.03
S8eq1 8 1 0 8 σ8eq1 pH8eq1 M8H M8L χ8C χ8W (h) 8.87684 5.454 7.1534 - 1 0.8 3.1 0.002 0.8 0.05
S10eq1 8 1 0 8 σ10eq1 pH10eq1 M10H M10L χ10C χ10W (j) 8.8788 5.4547 7.1544 (c) 1 0.8 3.9 0.000 0.4 0.0
S11eq1 8 1 0 8 σ11eq1 pH11eq1 M11H M11L χ11C χ11W (k) 8.8769 5.4545 7.1532 (d) 1 0.9 3.4 0.006 0.6 0.2
S12eq2 0 0 0 7 σ12eq2 pH12eq2 M12H M12L χ12C χ12W (l) 8.8789 5.4566 7.1554 - 1 0.8 2.7 0.001 0.54 0.03
S13eq2 0 0 0 7 σ13eq2 pH13eq2 M13H M13L χ13C χ13W (m) 8.878 5.4550 7.1543 - 1 0.8 3.8 0.001 .45 0.01
S14eq2 0 0 0 7 σ14eq2 pH14eq2 M14H M14L χ14C χ14W (n) 8.8779 5.4550 7.1540 (a) 1 0.9 2.9 0.002 0.22 0.06
S15eq2 8 0 0 7 σ15eq2 pH15eq2 M15H M15L χ15C χ15W (o) 8.8780 5.4552 7.1541 (b) 1 0.8 3.3 0.003 0.5 0.1
S16eq2 0 0 5.5 7 σ16eq2 pH16eq2 M16H M16L χ16C χ16W (p) 8.8780 5.4555 7.1547 (e) 1 0.9 2.5 0.005 0.4 0.1
S17eq2 8 0 5.5 7 σ17eq2 pH17eq2 M17H M17L χ17C χ17W (q) 8.8772 5.4552 7.1536 (f) 1 0.7 1.6 0.15 7 4

scale formation and the resulting morphology and adhesion. Homogeneous nucleation, favored at high supersaturation,
yields numerous, �ner, more uniformly sized particles with �brous or dendritic character; heterogeneous nucleation,
competitive at lower supersaturation, yields fewer, larger particles with broader size distributions. Additives can
selectively stabilize or destabilize speci�c crystallographic faces, while pH and temperature tune overall and face-
selective growth kinetics. Resulting morphologies re�ect relative surface energies: higher-energy faces grow faster and
vanish, leaving lower-energy faces or those whose energy is reduced by selective additive adsorption.23�28

Additives play a pivotal role in BaSO4 scaling and typically fall into three categories: (i) deliberately dosed (e.g.,
chemical inhibitors29�33) or inadvertently introduced (e.g., via injected �uids in secondary recovery); (ii) corrosion-
derived products from engineered components such as pipelines and pumps;30,34 and (iii) species leached during pro-
longed contact with transition�metal�bearing minerals.34 Common contaminants/additives include iron and alkaline-
earth cations as well as potentially magnetic transition-metal or rare-earth ions. Ferrous iron is among the most
prevalent contaminant cations in produced waters,29 and Fe2+/Fe3+ concentrations can span 10�5�10�3M depending
on geological and engineering speci�cs.30 Although iron can form its own scales, scarcity usually limits direct fouling;
more consequential is its interfacial role: when compatible with barite surface chemistry, iron can adsorb selectively
on low�surface�energy faces, modulating inhibitor performance and growth kinetics.29�33

SM3. Experimental setups and procedures

A. Laboratory-scale setup

Figure SM2(a) shows a closed-loop �ow circuit that drives Na2SO4(aq) from a temperature-controlled reservoir
through a nonconductive polycarbonate �ow cell positioned between electromagnet poles. The setup follows Ref.1,
with the addition of a turbidity sensor (see below). To avoid bubble- and turbulence-induced artifacts that would arise
if the turbidimeter were placed in the reservoir, turbidity is measured in a dedicated side cell continuously supplied by
a peristaltic pump. Methods and procedures are as described in the main text (see also Ref.1). Brie�y, after 10min
of baseline circulation, a Ba2+ source�BaCl2(aq) or BaCl2 · 2H2O�is metered by a peristaltic pump for 40min to
achieve BaSO4 supersaturation; the main circulation then continues for 50min. Inline and in-tank probes record
conductivity, pH, temperature, pressure, �ow, turbidity, and electrode potentials.
The turbidity sensor uses a 90◦ light-scattering geometry with an infrared LED source and is sensitive to the presence

of suspended particles through the intensity of the scattered light. However, it provides an integrated turbidity signal
rather than a direct particle-size distribution. Its response depends not only on particle concentration, but also on
particle size, shape, refractive index, and aggregation state. Therefore, it is useful for detecting changes in the overall
suspended-particle loading, especially in situ or under �ow conditions, but it cannot reliably resolve individual particle
sizes or distinguish a large number of small particles from a smaller number of larger aggregates.
This limitation can be addressed more directly using an Optical Particle Size Analyzer, which is also a real-time

optical probe of suspended matter, but measures di�erent properties of the suspension. For example, a dynamic
image-analysis system operating in liquid media can directly image individual particles or aggregates and provide
quantitative particle-size and shape distributions above its optical-resolution limit. Torraca36 used this technique to
monitor, in situ, the evolution of both the concentration and average diameter of precipitated CaCO3 particles, with
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FIG. SM2. Schematics of the experimental setups used in this work. (a) Purpose-built, computer-interfaced laboratory
apparatus comprising hydraulic, control, sensors, and data-acquisition subsystems. A nonconductive polycarbonate �ow cell

(cylindrical, 5 cm diameter, 30 cm length; shown in light-blue) is positioned between the poles of an electromagnet (|H⃗| ≤ 10 kOe)
and connected via 3/4-in braided tubing to a 12.7 L reservoir containing a solution of Na2SO4 dissolved in distilled water

(σ ≈ 2µS cm�1). Temperature is regulated by thermal contact with a thermal bath and a closed-loop water-cooling stainless-

steel coil inside the reservoir. Initially, the Na2SO4(aq) solution (7.306mM) is circulated by a centrifugal pump P1 (56 Lmin
�1).

After 10min, a Ba2+ source�BaCl2(aq) or BaCl2 · 2H2O(aq)�is dosed by a peristaltic pump P2 (25mLmin�1 for 40min).
Afterwards, P1 circulation continues for 50min. Probes placed in the cell, line, and reservoir monitor conductivity (σi), pH
(pHi), temperature (Ti), pressure (P), �ow (FM), turbidity (Tb), and a pair of electrodes. To minimize settling and ensure
homogeneous sampling in the turbidity loop, agitation is maintained at 500 (reservoir), 300 (feed), and 100 (turbidity cell) rpm.
(b) Schematic of the > 6 km production line. Unfortunately, the installed tubing and infrastructure do not allow the installation
of in-situ monitoring techniques, such as conductivity, pH, or turbidity sensors. The in�uence of the magnetic �eld could only
be evaluated through ex-situ analyses of scale samples collected from the three available access points. These sample batches
were collected at positions measured relative to the magnetic-�eld-generating device, located at 0m: �1.5m upstream, +1.0m
downstream, and +5331m farther downstream. These three sampling points were used to track the evolution of the precipitation
process along the production line.

and without an applied magnetic �eld. The corresponding evolution of particle concentration and average size is shown
in the adapted Fig.SM8. In the zero-�eld case, Fig.SM8(a) shows that, after an induction period, the optical particle
concentration increases as micrometric CaCO3 particles begin to form. As aggregation and precipitation proceed, the
number of suspended particles eventually decreases, producing a maximum in Copt followed by a gradual decline. In
contrast, the zero-�eld average diameter, shown in Fig.SM8(b), increases monotonically and continues to grow even
after the end of the CaCl2 addition period. With an applied magnetic �eld, Fig.SM8(a) indicates an earlier onset
of particle formation, consistent with magnetophoretically driven agglomeration of magnetic contaminants. These
induced agglomerates can additionally act as heterogeneous nucleation centers, thereby shortening the induction time
relative to the zero-�eld case (see � SM1B and Fig.SM1).



7

FIG. SM3. Representative conductivities and pH, all monitored in situ for the speci�ed experimental conditions. (a)

Normalized conductivity
( σ(t)
σ(t10min)

)
ieq(H, x%Fe) for i = 9, 10, 13 � 16; eq = Eq1, Eq2; H = 0, 8.0 kOe; and x%Fe=Fe2O3(0,

1%), Fe2O3NP(5.5%); each mixed jointly with the Ba2+-based solution in the feed tank. (b) pHieq(H, x%Fe) for the same
conditions as in (a). (c) Average temperature from sensors shown in Fig.SM2(a). (d) Dosing-rate pro�le; the onset and
duration of dosing are indicated by light-blue shading.

B. industrial-scale setup

Figure SM2(b) depicts an open-loop production line with a magnetic device at the 0m reference position generat-
ing a strong gradient; scale powders were sampled at �1.5m, +1.0m, and +5331m. Unlike the laboratory-produced
scales discussed in the main text, these industrial scales contain relatively elevated Fe-bearing contaminants, enabling
Fe-sensitive spectroscopies without isotopic enrichment. Accordingly, in addition to structural and magnetic measure-
ments (see experimental setups in �II), we employed Mössbauer spectroscopy (MES) and electron spin resonance (ESR)
(both ex situ). Room-temperature transmission Mössbauer spectra were acquired on a standard 57Co/Rh Mössbauer
spectrometer, while complementary room-temperature ESR spectra were recorded on a standard Bruker spectrom-
eter. The combined datasets (XRD phase analysis, magnetometry, MES, and ESR) were used to assess the barite
matrix, quantify contaminating phases, and identify the speciation and magnetic state (paramagnetic or magnetically
ordered) of Fe-bearing contaminants (such a state would be of relevance to the analysis of �eld-gradient�mediated
heterogeneous nucleation and growth).
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FIG. SM4. (a-q) X-ray di�ractograms of representative residues Sieq(H, x%Fe) (i=3�17). Fitted parameters are summarized

in Fig.3; selected cell parameters are listed in Table SM1. (r) Calculated texture-free BaSO4 di�ractogram.35 All intensities
are normalized to the maximum of the barite (210) re�ection. Symbols: measured intensities. Solid lines: Rietveld �ts. Short
vertical ticks: Bragg positions.

SM4. Complementary �gures to the main text: conductivity, pH, XRD di�ractograms, magnetization,
susceptibility, and SEM micrographs

Below are additional conductivity/pH (Fig.SM3), XRD di�ractograms (Figs.SM4-SM5), magnetization/susceptibility
(Fig.SM6), and SEM micrographs (Fig.SM7) that complement the results shown and analyzed in the main text. These
are mainly from the earlier runs that did not contain turbidity sensors.

SM5. Magnetic-�eld e�ects on scale formation in a production line conveying process �uid containing
produced water

A. Introduction

We performed ex situ structural, magnetic, and microscopic analyses to assess the in�uence of a magnetic �eld
on BaSO4 scaling in an operational petrochemical line transporting process �uids mixed with produced water. The
production-water chemistry involves downhole mixing of incompatible waters after secondary injection, promoting
BaSO4 formation. The ∼6 km segment of the line, Fig.SM2(b), is a scaled-up, open-loop analogue of the laboratory
setup in Fig.SM2(a): in both, a supersaturated BaSO4 solution �ows across an applied magnetic �eld. Unlike the
laboratory system, the industrial line includes a magnetic device, at 0m position, that imposes a strong spatial-
gradient component, Hr, and the �uid carries a higher concentration of ferromagnetic particulates. As detailed in
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FIG. SM5. (a-d) X-ray di�ractograms of representative evaporation residues Seqi (H, x%Fe, Evap) (i = 12, 15 � 17). Insets (a′-
d′) highlight minor phases coexisting with the major NaCl phase: (a′) 90% NaCl, 1% BaSO4, 9% BaCl2 ·2H2O; (b

′) 91% NaCl,
9% BaSO4; (c

′) 95% NaCl, 5% BaSO4; and (d′) 95% NaCl, 5% BaSO4. (e) Evolution of the NaCl lattice parameter across
representative samples, con�rming that its structure is scarcely a�ected by variations in experimental conditions. Symbols:
measured intensities. Solid lines: Rietveld �ts. Short vertical ticks: Bragg positions.

�SM1, these conditions are expected to enhance ASMT e�cacy relative to laboratory experiments. To test this, we
analyzed three batches�loose scale powders (with residual crude oil) collected (i) upstream (-1.5 m), (ii) near-�eld
downstream (+1.0 m), and (iii) far downstream (+5331 m)� using XRD (�SM5B), magnetometry (�SM5C), and
Fe-focused probes (MES and ESR; �SM5D). A comparative discussion with the main-text results appears in �SM5E.

B. Structural analysis

Figure SM9 compares di�ractograms from the three batches; the dominant phase is BaSO4 (barite).35 A detailed
structural re�nement con�rms that barite is the sole phase in the sample collected 1.5m upstream of the reference
location, Fig.SM9(c). In contrast, at 1.0m downstream the barite fraction decreases to about two-thirds of its
upstream value: Fig.SM9(b) yields 61 ± 8% barite, the remainder being halite. Further downstream, at 5331m,
Fig.SM9(a), the scale is composed of barite (81 ± 5%), halite (16 ± 4%), and a weak additional phase (3 ± 1%)

assigned to a green-rust�type compound,
[
Fe2+1�x Fe

3+
x Mg2+y (OH)2+2y

] [
xA�, mH2O

]�x
, with m ≤ 1 � x + y and

A� ∈ {OH�, Cl�, 1
2SO

2�
4 , 1

2CO
2�
3 , HCO�

3}.
37�39 Since ESR and MES measurements (see below) detect no Fe2+, we

restrict x to 1. This assignment is consistent with the observed color change to ochre upon prolonged air exposure
(months).
Composition varied among replicate samples collected at the same location, accounting for the large standard devi-

ations reported above; this heterogeneity�linked to turbulent �ow and spatiotemporal variations in physicochemical
conditions along the production line, from downhole to surface�was observed across all scale specimens.
As noted, the barite fraction decreases from 100% upstream to 61% at +1.0m and then partially recovers to 81%
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FIG. SM6. Representative magnetization isotherms M
(
H, T = 15, 300K, Sieq(H, x%Fe, Filt)

)
≡ MiH/L and dc susceptibil-

ities, χ
(
10 kOe, cool/warm, Sieq(H, x%Fe, Filt)

)
≡ χiC/W when varying H, temperature, reaction route, �lter pore, or type

and percentage of additives (see Table SM1): (a) MiH ≡ M
(
H, T = 300K, Sieq(H, x%Fe, Filt)

)
(i=7-8,10-17). (b) MiL ≡

M
(
H, T = 15K, Sieq(H, x%Fe, Filt)

)
(i=7-8,10-17). (c) χiC ≡ χ

(
10 kOe, cool, Sieq(H, x%Fe, Filt)

)
(i=7-8,10-17). (d) χiW ≡

χ
(
10 kOe, warm, Sieq(H, x%Fe, Filt)

)
(i=7-8,10-17). (e) Room-temperature magnetization isotherms and (f) iso�eld suscepti-

bility of four samples: S7eq1 (squares); pure reagents BaSO4 (circle), BaCl2 (up triangles), and Na2SO4 (down triangles)

at +5331m. We attribute these longitudinal changes to evolving physicochemical conditions along the line�most
notably (i) corrosion of tubing and inserted devices (e.g., valves) and (ii) faradaic reactions7 between the �uid and
exposed internal surfaces at the site of the magnetic device�that collectively enrich Fe-bearing species and promote
their downstream precipitation.

Halite appears only after passage through the strong gradient region, indicating that magnetophoretic action on
suspended ferromagnetic particulates enhances heterogeneous nucleation and growth in the supersaturated halide
solution. In line with the consideration of Figs.SM1(b,c), we propose core�shell entities: agglomerated ferromagnetic
cores enveloped by a diamagnetic halide shell�analogous to the barite-scaling case. We assume that all barite-
scale deposits were heterogeneously nucleated on dispersed contaminants. The convergence of scale compositions
far downstream to barite-dominated mixtures suggests that, upon leaving the high gradient region and progressing
downstream, these core�shell entities undergo partial dissolution of the halide envelope, thereby almost restoring
pre-�eld conditions.
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FIG. SM7. Morphologies of representative BaSO4 residues (Sieq(H, x%Fe, Filt) when varying H or additives. SEM
micrographs of (a) S14eq2(0kOe, 0%Fe, 7µm); (b) S15eq2(8kOe, 0%Fe, 7µm); (c) S10eq1(0kOe, 1%Fe2O3, 8µm); (d)
S11eq1(8kOe, 1%Fe2O3, 8µm); (e) S16eq2(0kOe, 5.5%Fe2O3NP, 7µm); and (f) S17eq2(8kOe, 5.5%Fe2O3NP, 7µm). The lat-
ter shows, on average, relatively dense and enhanced-size of the platelet-like forms and a diminishing concentration of of the
needle-like forms. The horizontal white scale bar at the top right corresponds to 5µm. The green alphanumeric labels mark the
locations where EDS analyses were acquired. The calculated stoichiometries (normalized to Ba ion) are shown in Table SM1.

C. Magnetization analysis

Room-temperature magnetization isotherms for the three batches (Fig.SM10) show: (i) comparable coercive �elds
(Hc) across all samples; and (ii) remanent (Mr) and saturation (Ms) magnetizations that are comparable at �1.5m
and +5331m, but distinctly lower at +1.0 m due to ∼ 40% halite dilution of the magnetically active fraction. The
related M(H) curves become mutually consistent when accounting and correcting for the barite mass fraction. The
similarity between the �1.5m and +5331m end members corroborates the XRD result that their phase assemblages
are approximately alike.
As noted above, the pronounced change in phase concentration near the magnetic device is attributed to the

strong gradient, ∇H, which agglomerates magnetizable particulates and creates heterogeneous nucleation sites. The
accompanying rise in halite indicates that the produced water was highly saturated in NaCl and that gradient-induced
agglomerates serve as templates for halide nucleation and growth.

D. Mössbauer spectroscopy and electron spin resonance analysis

The structural results in Fig.SM9�especially the phase fractions in Figs.SM9(d�e)�indicate a signi�cant contam-
inating Fe-bearing component in the +5331m samples. This motivated Fe-focused spectroscopic probes to clarify the
roles of Fe-based corrosion and Fe-based magnetism in the scaling process.
Room-temperature, zero-�eld Mössbauer spectra for the �1.5m, +1.0m, and +5331m samples (Fig.SM11) are each

well described by a broadened doublet with parameters characteristic of paramagnetic Fe3+.40,41 The Fe3+ spectral
fraction increases downstream and is largest (almost doubled) at +5331m, consistent with progressive enrichment
of Fe3+ along the line. The dominance of Fe3+ and the absence of any resolvable Fe2+ component point to a
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FIG. SM8. Evolution of the concentration and average diameter of precipitated CaCO3 particles, as reported by Torraca36.
The measurements were performed using an experimental setup similar, in principle, to that shown in Fig.SM2, but with
the additional capability of a particle-size distribution analyzer, Sympatec� QICPIC/LIXELL. This system allowed real-time
monitoring, with and without an applied magnetic �eld, of (a) the concentration of precipitated CaCO3 particles, expressed
through the optical concentration percentage, OPC (%), and (b) their size evolution, represented by the average diameter, D̄
(µm).

corrosive/oxidizing environment.41

Complementary ESR measurements, Figs.SM12(a�c), corroborate the presence of Fe3+ centers, exhibiting a dom-
inant resonance with substantial linewidth, most probably due to spin�spin interactions. Notably, both ESR and
MES�performed on the same powdered scale specimens used for magnetization�do not show discrete ferromagnetic
signatures, such as a sharp ferromagnetic resonance in ESR or a magnetic sextet in MES. Instead, they exhibit
predominantly broadened responses. This apparent disparity with the relatively strong ferromagnetic contribution
inferred from the M(H) curves can be reconciled as follows:

1. Non-Fe ferromagnetic particulates: The FM signal in M(H) is assigned mainly to magnetic particulates whose
magnetic moments are not carried by Fe. These components would therefore be absent from 57Fe MES and may
remain unresolved or featureless in ESR. The nearly identical saturation magnetizations, Ms, of the �1.5m and
+5331m batches, together with the invariance of Ms despite the downstream enrichment of Fe-bearing species,
support this non-Fe assignment of the ferromagnetic component. This interpretation is also consistent with the
minor Fe-bearing green-rust-type phase being paramagnetic at room temperature.

2. Sub-detection fractions of Fe-based ferromagnetic phases: although the M(H) curves resemble those reported
for iron oxides, such as hematite and magnetite, in Ref. 42, which are often associated with downhole water
chemistry, the absence of corresponding hyper�ne features in the MES spectra [Fig.SM11] argues against a
dominant Fe-oxide origin. Rather, it suggests that any Fe-based ferromagnetic or ferrimagnetic oxide fraction
is either below the 57Fe hyper�ne detection limit or contributes too little spectral weight to be resolved in the
di�erence spectra.

3. Dynamic relaxation or superparamagnetism: an alternative possibility is that the Fe-based ferromagnetic or
ferrimagnetic particulates are in a fast-relaxation, superparamagnetic regime at room temperature, so that a
magnetically split MES sextet collapses into a broadened doublet. Although the observed FWHM is about
twice the natural 57Fe linewidth and the MES doublet parameters are compatible with rapidly relaxing Fe3+

environments, the broadening is more likely associated with non-ferromagnetic e�ects, such as site disorder
or distributions of quadrupole splittings. A similar argument indicates that the ESR broadening cannot be
uniquely assigned to fast superparamagnetic relaxation.
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FIG. SM9. Room-temperature Co�Kα X-ray di�ractograms of scales deposited at (a) �1.5m, (b) +1.0m, and (c) +5331m
relative to the reference magnetic device (located at 0m). Symbols denote measured intensities; solid lines are Rietveld �ts.
Short vertical ticks Bragg positions (top to bottom: barite, halite, and green-rust�type). (d) Bar chart of the relative phase
concentrations. (e) Bar chart showing that phase fractions remain stable after the same samples were left exposed to ambient
conditions for several weeks.

Taken together, these arguments indicate that the FM signal manifested in the M(H) curves arises mainly from non-
Fe particulates, which are likely coupled to the gradient-active species driving the proposed mechanism. In contrast,
the Fe-speci�c spectroscopies mainly reveal broadened paramagnetic-like responses associated with paramagnetic
Fe-based components.
It is also important to emphasize that this dichotomy applies only to the industrial case addressed here and should

not be confused with the analysis of Fe-oxide contaminants discussed in the main text. In the former case, the
magnetically active, non-Fe-based agglomerate templates are associated with halite scaling, whereas the main-text
case concerns barite scaling assisted by Fe-oxide contaminants. Thus, both cases involve magnetophoretic modulation
of scaling, but with magnetically active species of di�erent chemical origin.

E. Discussion and conclusions

The ex situ analyses of the industrial scale deposits show that barite is the major phase, accompanied by contaminant
phases that contribute both ferromagnetic and paramagnetic signals. The Fe-speci�c spectroscopies indicate that Fe
occurs predominantly as Fe3+ and remains paramagnetic at room temperature. This response is most likely dominated
by a minor Fe-bearing green-rust�type phase. Accordingly, the room-temperature ferromagnetic response observed in
the magnetization curves is attributed primarily to non-Fe-based magnetic particulates.
Although a minor fraction of Fe may substitute into halite, for example on Na+ sites with charge compensation,

substitution into the Ba2+ sublattice of barite is disfavored by the larger ionic radius and higher coordination of Ba2+.
When present, Fe3+ is more likely to adsorb on barite crystallite surfaces; as reported for Fe2+, such trace adsorbates
can in�uence barite growth and inhibitor performance.29�33 Taken together, the Fe signal is most consistently assigned
to contaminant phases, prominently including green-rust�type compounds with x = 1.37�39

Pure barite is diamagnetic, but naturally occurring barite, such as that found in oil-�eld deposits, may contain
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FIG. SM10. Room-temperature magnetization isotherms of di�erent powdered scales deposited at (a) 1.5m before, (b) 1.0m
after, and (c) 5331m relative to the reference magnetic device. Di�erent colors denote magnetization of di�erent samples that
are taken from the same batch (same location); this indicates a weak inhomogeneity across the same batch.

trace magnetic ions that generate weak paramagnetic contributions. These intrinsic signals are, however, much smaller
than those arising from contaminant magnetic phases, which produce the strong net response shown in Fig. SM10.
This pronounced magnetic response, in contrast to the predominantly diamagnetic behavior observed in Figs. 4 and
SM6, highlights the enhanced role of the magnetic-gradient force in the industrial case. In particular, the presence
of ferromagnetic particulates in the produced water provides a natural basis for the strong in�uence of ∇H on the
supersaturated NaCl scaling. It is also plausible, based on the combined XRD, MES, and ESR analyses discussed in
� SM5D, that such magnetically active particulates acted as heterogeneous nucleation templates even before exposure
to the �eld-gradient device, possibly already in the downhole environment.
The apparent disparity between the magnetization and Fe-speci�c spectroscopic results is therefore reconciled as

follows. The ferromagnetic signal in M(H) is assigned mainly to non-Fe-based particulates, whereas the broadened
Mössbauer and ESR responses are attributed to paramagnetic Fe-bearing phases. Any Fe-based ferromagnetic con-
tribution, if present, must either remain below the detection limit of the Fe-sensitive probes or be unresolved because
of dynamic relaxation or superparamagnetic behavior. In this sense, the Fe-speci�c spectroscopic response is largely
decoupled from the gradient-active ferromagnetic species that drive the proposed mechanism, most likely because the
Fe-bearing component has a comparatively weak magnetic susceptibility.
This interpretation applies speci�cally to the industrial case discussed here and should not be confused with the

Fe-oxide-contaminant analysis presented in the main text. In the industrial line, the magnetically active agglomerate
templates are associated primarily with non-Fe-based particulates and with the modulation of halite scaling. By
contrast, the main-text laboratory case concerns barite scaling assisted by Fe-oxide contaminants. Thus, both cases
involve magnetophoretic modulation of scaling, but with magnetically active species of di�erent chemical origin.
In summary, the structural, magnetic, and microscopic characterization of scale samples collected at �1.5m, +1.0m,

and +5331m relative to the �eld-gradient device shows that BaSO4 remains the dominant phase, while halite increases
locally near +1.0m and barite partially recovers downstream. A minor Fe-bearing green-rust�type phase appears at
+5331m. Mössbauer and ESR measurements indicate predominantly paramagnetic Fe3+, whereas the strong room-
temperature ferromagnetic response is best attributed to non-Fe-based magnetic particulates. Collectively, these
results support a contaminant-mediated mechanism in which the magnetic-�eld gradient agglomerates magnetizable
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FIG. SM11. Mössbauer spectra of scale samples: (a) �1.5m before (upstream), (b) +1.0m after, and (c) +5331m after
(downstream) relative to the reference device. All room-temperature spectra are well described by a single broadened doublet

with FWHM = 0.50(6)mms�1, isomer shift (IS) = 0.35(2)mms�1, and quadrupole splitting (QS) = 0.63(3)mms�1, consistent

with high-spin Fe3+ in a paramagnetic environment.40,41 The di�erence plots (circles, top of each panel) show no resolvable
sextet, indicating that any ferromagnetic component lies below the MES detection limit or is dynamically relaxed at 300K such
that the sextet collapses into a broadened doublet.

particulates, creating heterogeneous nucleation sites that modulate NaCl scaling. This e�ect is ampli�ed in the
industrial line by the higher concentration of ferromagnetic particulates and the stronger ∇H relative to laboratory
conditions.
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