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ANATOMY OF A COLLISION

[he Arc That
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where jagged ridges pierce a cobalt sky and

silence seems eternal, the rocks tell a story

far louder than any human chronicle. Itisa
story written not in ink, but in molten fire,
buried oceans, and the slow, relentless drift of
continents. What appears today as a frozen high-
altitude desert was once a dynamic theatre of
volcanic fury, tectonic collision, and deep-earth
transformation. Recent scientific investigations
into this region’s magmatic history bring into
sharper focus how continents grow, collide, and
reshape themselves over millions of years.

Attheheart of this narrative lies the Ladakh
magmatic arc—an ancient geological system
forged along the margins of a vanished ocean
known as the Neo-Tethys. By examining the
chemical fingerprints preserved in rocks from
different stages of this arc’s evolution, scientists
have reconstructed a sweeping timeline that
stretches from the age of dinosaurs to the dawn
of the Himalaya. Their findings reveal not just a
sequence of geological events, but a gradual and
profound transformation in the very sources of
the Earth’s crust.

A Landscape Shaped by Fire and Collision

Tounderstand the Ladakh arc s to step back
into deep time. Around 250 million years ago,
during the Permian and Triassic periods, the su-
percontinent Gondwanaland began to fragment.
This rupture opened the Neo-Tethys Ocean, sep-
arating what would become the Indian subconti-
nent from landmasses to the north.

As Indiabegan its long northward journey,
the ocean floor between it and Eurasia did not
remain passive. Instead, it was drawn down-
ward into the Earth’s mantle along subduction
zones—regions where one tectonic plate slides
beneath another. These zones became crucibles
of intense geological activity, giving rise to vol-
canic arcs—chains of volcanoes and intrusive
rocks formed above subducting slabs.

The Ladakh region preserves the remnants
of this activity with remarkable clarity. It records
not one, but multiple phases of magmatism,
each reflecting a different stage in the life of
the Neo-Tethys Ocean and the eventual colli-
sion between India and Eurasia.

Three Acts in a Geological Drama

The evolution of the Ladakh arc can be
broadly divided into three distinct stages, each
marked by a shift in the chemistry and origin
of the magmas that formed its rocks.

The first stage, dating from roughly 160 to
110 million years ago, corresponds to a pre-
collisional phase dominated by the Dras-Nidar
Island Arc Complex. At this time, the arc
formed in an open ocean setting, far from con-
tinental influence. The magmas generated
during this period were derived primarily
from a depleted mantle—a source relatively
untouched by crustal material. Chemically,
these rocks bear the hallmarks of purity: low
strontium isotope ratios and high neodymium
values, indicating minimal contamination.

This was, in essence, an oceanic arc—akin
to modern systems such as those found in the
Pacific—where magma rose from the mantle
wedge above a subducting plate, influenced
mainly by fluids released from the descending
slab.

The second stage, spanning approximately
103 to 45 million years ago, marks a transi-
tional and transformative period. This is when
the Ladakh Batholith—a vast body of intrusive
rocks—began to form. By now, the tectonic en-
vironment had shifted. The arc was no longer

I n the stark, wind-swept expanses of Ladakh,

OPINION

Built the Himalaya:

Saturday | March 21, 2026

Karakoram Fault

\

Tarim Basin

'A beological (hronicle

Songpan-Ganzi terrane

K
MMQ%B

Jinsha Suture

O
. Y' -_4(//,;"'.’;}

\ A

/ Suture

74 Fault

- Ladakh Batholith - Kohistan Batholith - Gangdese Batholith

,)/ Thrust fault

Qiangtang terrane q

= Tsangpo Suture

e 4 ’7’)".;
£

V" p ) st
Vi | Ky
.'f',",rf: o

@ City _ Study area

isolated in the ocean but had begun interacting
with continental margins.

The chemistry of the rocks tells a clear
story: enrichment. Elements associated with
continental crust and subducted sediments
became increasingly prominent. Isotopic sig-
natures shifted accordingly, indicating that
the magmas were no longer sourced solely
from the mantle but had incorporated mate-
rial from the subducting slab and the overlying
crust.

This phase reflects a maturing arc system,
one in which sediment carried down the sub-
duction zone played a decisive role. As these
sediments melted or released fluids, they al-
tered the composition of the mantle wedge,
producing magmas richer in incompatible ele-
ments such as rare earth elements.

The third stage, occurring after about 45
million years ago, follows the collision be-
tween the Indian and Eurasian plates. By this
time, the Neo-Tethys Ocean had effectively
closed. The tectonic regime shifted from sub-
duction to continental collision.

Magmatism did not cease entirely, but it
changed character. Mafic dykes—narrow in-
trusions of dark, magnesium-rich rock—cut
through the older formations. These younger
magmas show evidence of an enriched mantle
source, modified by earlier processes but with
limited direct interaction with the crust.

This final phase represents a post-colli-
sional environment, where the dynamics of
slab break-off and lithospheric reconfigura-
tion played a dominant role.

Reading the Chemical Record

What allows scientists to unravel this com-
plex history is the meticulous study of geo-
chemistry and isotopes. Rocks, much like

archives, preserve detailed records of their ori-
gin.

Certain elements—particularly rare earth
elements and high field strength elements—
areresistant to alteration and serve as reliable
tracers of magma sources. Their relative abun-
dances can indicate whether a rock formed
from a depleted mantle, an enriched mantle,
or a mixture involving crustal material.

Equally important are isotopic ratios, es-
pecially those of strontium and neodymium.
These ratios act as fingerprints, distinguishing
between different reservoirs within the Earth.
Positive neodymium values typically point to a
mantle source, while negative values suggest
contributions from older continental crust.

In the Ladakh arc, these geochemical tools
reveal a clear progression: from mantle-domi-
nated magmatism in the early stages, through
increasing crustal influence during the arc’s
maturation, to a hybrid system shaped by both
mantle enrichment and tectonic reorganiza-
tion in the aftermath of collision.

The Role of Sediments: A Hidden Influ-
ence

One of the most striking insights from
this research is the growing importance of
subducted sediments over time. In the early
oceanic arc stage, their contribution was
minimal. But as the system evolved, sedi-
ments carried down the subduction zone be-
gan to exert a powerful influence.

These sediments, derived from eroded
continental material, introduced elements
that enriched the magmas. They also altered
isotopic signatures, providing a clear signal
of crustal recycling.

This process is central to the growth of
continental crust. By incorporating recycled

material into new magmas, subduction zones
act as engines of crustal evolution. The
Ladakh arc offers a vivid example of this
mechanism in action.

From Ocean to Continent: A Continuous
Evolution

Perhaps the most compelling aspect of
the Ladakh arcis its continuity. Rather than
representing separate, unrelated systems,
the Dras-Nidar arc, the Ladakh Batholith,
and the later mafic dykes form a coherent se-
quence. They are different expressions of a
single, evolving magmatic system.

This continuity underscores the impor-
tance of viewing geological processes in their
full temporal context. What begins as an
oceanic arc can, through gradual transforma-
tion, become part of a continental margin
and ultimately be caught upina
continent—continent collision.

In Ladakh, this transformation is pre-
served with exceptional clarity. The rocks
chart a journey from the depths of an ancient
ocean to the heights of the Himalaya.

Implications for Himalayan Evolution

The broader significance of these find-
ings extends beyond Ladakh. They shed light
on the processes that shaped the entire Hi-
malayan region.

The collision between India and Eurasia
is often viewed as a singular event, but in re-
ality, it was the culmination of along and
complex history involving multiple subduc-
tion zones, arc systems, and episodes of mag-
matism.

By tracing the evolution of the Ladakh
arc, scientists gain a clearer understanding of
how this collision unfolded. The timing of
magmatic pulses, the shifts in geochemical
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signatures, and the evidence of crustal recy-
cling all contribute to a more nuanced picture
of Himalayan orogeny.

A Window into Earth’s Inner Workings

Beyond its regional significance, the
study of the Ladakh arc offers insights into
fundamental processes that operate across
the planet.

Subduction zones are among the most
dynamic environments on Earth. They are
sites of intense heat, pressure, and chemical
exchange. They generate volcanic arcs, recy-
cle oceanic crust, and contribute to the
growth of continents.

The Ladakh arc illustrates how these
processes interact over time. It shows how
mantle melting, sediment subduction,
crustal assimilation, and tectonic reconfigu-
ration combine to produce the diversity of
rocks observed in arc systems.

It also highlights the role of slab dynam-
ics—the movement and eventual break-off of
subducting plates—in shaping magmatic ac-
tivity. The transition from subduction to col-
lision is not abrupt but involves a complex in-
terplay of forces that leave their mark in the
geological record.

The Value of Integrated Data

A key strength of this research lies in its
integration of multiple lines of evidence.
Field observations, petrographic analysis,
geochemical data, and isotopic measure-
ments all contribute to the final interpreta-
tion.

This comprehensive approach allows for
a more robust reconstruction of geological
history. It also helps address one of the per-
sistent challenges in studying magmatic arcs:
the scarcity of continuous, high-quality data
across long time spans.

By combining new analyses with existing
datasets, the study achieves a level of detail
that would not be possible otherwise. It
demonstrates the importance of building cu-
mulative knowledge in the earth sciences.

A Story Still Unfolding

While much has been learned, the
Ladakh arc continues to hold unanswered
questions. The precise mechanisms of
magma generation, the extent of crustal recy-
cling, and the details of slab dynamics remain
subjects of ongoing investigation.

Advances in analytical techniques, par-
ticularly in isotope geochemistry and
geochronology, promise to refine our under-
standing further. As new data emerge, the
story of this ancient arc will become even
clearer.

Conclusion: A Chronicle in Stone

In the end, the rocks of Ladakh serve as a
reminder that the Earth is not static but con-
stantly evolving. Mountains rise, oceans
close, and continents collide, leaving behind
traces that scientists can read millions of
years later.

The Ladakh magmatic arc encapsulates
this dynamic history. It records a journey
from oceanic beginnings through continental
interaction to post-collisional adjustment. It
reveals how the interplay of mantle
processes, sediment recycling, and tectonic
forces shapes the crust we stand upon.

What emerges is not just a scientific ac-
count, but a narrative of transformation—one
that speaks to the enduring power of geologi-
cal processes to reshape the planet. In the
silent valleys and towering peaks of Ladakh,
that story continues to resonate, etched into
the very fabric of the Earth.

BATTLEFIELDS WITHOUT BORDERS

(ode, Chaos and Conflict: The Hidden Battlefield of the 21st Century
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In the unfolding confrontation between Israel, the
United States, and Iran, much of the world’s attention has
been riveted by the spectacle of missiles, drones and
precision airstrikes. Yet, beneath this visible theatre of de-
struction, another campaign has been waged with equal
intent, if not equal visibility—a campaign conducted in
code, networks and invisible signals. Cyberwarfare,
though largely overshadowed by kinetic operations, has
emerged as a critical instrument shaping the trajectory
ofthe conflict from its earliest moments.

Modern warfare no longer begins with the first ex-
plosion. It begins silently, in the disruption of networks,
the blinding of sensors, and the quiet dismantling of
command systems. In this conflict, the United States
and Israel appear to have embraced that doctrine with

iking coherence. Even before bombs were dropped, co-
ordinated cyber and space-based operations were re-
portedly deployed to degrade Iran’s ability to see, com-
municate and respond. This layering of “non-kinetic
effects,” as senior American military officials described
it, reflects an increasingly integrated approach to war-
fare—one in which cyber, space and conventional forces
operate not as separate domains, but as interlocking
parts of asingle strategic design.

The early phases of the conflict underscore this
shift. Iranian communications networks, surveillance
systems and command structures were subjected to dis-
ruption on ascale that suggests careful premeditation. In-
ternet connectivity across the country reportedly plum-
meted to a fraction of its normal levels, with some
regions experiencing near-total digital blackouts. These
disruptions were not attributable to a single cause.
Rather, they appeared to result from a convergence of fac-
tors: external cyber operations targeting routing and
infrastructure, combined with internal restrictions im-
posed by Iranian authorities seeking to maintain control
and prevent unrest. This ambiguity—where offensive
cyber operations and defensive state measures become
indistinguishable—illustrates one of the defining fea-
tures of cyberwarfare. Attribution is elusive, and effects
are often layered. What can be said with greater confi-
dence is that such disruptions served a clear strategic
purpose: toisolate the Iranian state internally while lim-
iting its capacity to coordinate and respond externally.

Alongside these systemic disruptions, there were
targeted strikes—both physical and digital—on key
nodes of Iran’s military and intelligence apparatus. Israeli
claims thatit had destroyed elements of the Islamic Rev-
olutionary Guard Corps’ cyber and intelligence head-
quarters point to an effort not merely to degrade capabil-
ity, butto decapitate it. Cyber operations appear to have
complemented these strikes by providing real-time intel-
ligence and precision targeting capabilities.

Perhaps the most striking illustration of this con-
vergence between cyber and kinetic domains liesin the
reported exploitation of urban surveillance systems. Ac-
cess to traffic cameras and mobile networks in Tehran al-
legedly enabled Israeli intelligence to track the move-
ments of senior Iranian officials with remarkable
accuracy. Such capabilities blur the line between espi-
onage and direct military action. Intelligence gathering
isnolonger a preparatory phase; it isembedded within
the operational cycle itself, enabling strikes that are

Cyberwarfare has quietly but decisively embedded itself at the heart
of modern conflict, not as a replacement for conventional force, but
as its most effective enabler. In the Israel-US campaign against Iran,
digital operations did not merely accompany military action—they
prepared the ground for it, disrupting communications, blinding sur-
veillance systems and weakening commmand structures before the
first strike was launched. At the same time, cyber tools were deployed
to shape perception, influence behaviour and extend the battlefield
into civilian and commercial domains. Yet, for all its sophistication,
cyber power remains a force multiplier rather than a decisive weapon.
Its effects are often temporary, its outcomes uncertain, and its escala-
tion risks difficult to predict. What emerges is a new grammar of war-
fare—one where invisible operations and visible destruction are
deeply intertwined. The lesson is clear: the wars of today are fought
as much in networks and narratives as they are on land, air or sea,
demanding a broader understanding of power in the digital age.

faster, more precise and more consequential.

Yet, cyberwarfare in this conflict has not been con-
fined to infrastructure and military targets. Ithas also ex-
tended into the realm of perception and psychology. In-
formation warfare—long a feature of modern
conflicts—has taken on new dimensions in the digital
age. Government websites, mobile applications and on-
line platforms in Iran were reportedly subjected to wide-
spread disruption and defacement. In some cases, the ob-
jective was not merely to disable services but to send a
message.

The reported hijacking of a state broadcaster’s feed
following a physical strike on its facilities is emblematic
of this approach. By inserting political messaging di-
rectlyinto a national broadcast, the attackers sought to
reach audiences in their homes, bypassing traditional
barriers to information flow. Similarly, the compromise
of widely used applications to disseminate messages
encouraging defection among securi% personnel re-
veals a deliberate attempt to influence behaviour from
within. Such operations highlight an often underappre-
ciated dimension of cyberwarfare: its capacity to erode
trust. When citizens can no longer rely on the integrity of
theirinformation systems—when broadcasts can be hi-
jacked and applications repurposed—the psychologi-
cal impact can lge profound. The battlefield, in this sense,
extends beyond territory into the realm of belief and

perception.

Iran, forits part, is far from a passive target in this do-
main. Over the past decade and a half; it has invested
heavily in developing its own cyber capabilities. The
2010 Stuxnet attack, widely regarded as a turning point,
exposed the vulnerability of its critical infrastructure
and appears to have triggered a sustained effort to build
resilience and retaliatory capacity. Since then, Iran has
evolved from arelatively modest cyber actor into a formi-
dable presence, capable of conducting espionage, disrup-
tion and destructive operations across multiple fronts.

Central to this evolution has been the development
of adecentralised ecosystem of cyber actors. While state
institutions such as the Islamic Revolutionary Guard
Corps and the Ministry of Intelligence and Security pro-
vide strategic direction and resources, a network of
proxy groups extends Iran’s reach beyond its borders.
These groups, varying in sophistication and affiliation,
allowIran to maintain operational flexibility even when
its domestic connectivity is constrained.

In the current conflict, this network has been acti-
vated with notable intensity. Dozens of pro-Iranian cy-
ber groups have reportedly engaged in awave of opera-
tions targeting not only Israeli interests but also arange
of regional actors. Government portals, financial institu-
tions and critical services in Gulf states have been sub-
jected todistributed denial-of-service attacks and other

forms of disruption. While many of these operations
havebeen limited in scale and duration, their cumulative
effectis significant.

They serve, above all, as signals. Signals of capabil-
ity, of intent, and of reach. In a conflict where direct mil-
itary engagement carries considerable risks, such ac-
tions allow Iran and its allies to project power in a
manner that is both deniable and scalable. The relatively
lowintensity of these attacks may also suggest a degree
of restraint—a holding back of more destructive capabil-
1i}l;es that could be deployed if the conflict escalates fur-

er.

This pattern of calibrated disruption extends to tar-
gets beyond the immediate region. The cyberattack on
the American medical technology company Stryker
stands out as a particularly consequential episode. Un-
like many of the lower-level disruptions, this incident
had tangible economic and operational impacts on a
global scale. Systems were reportedly wiped, data exfil-
tr}allj[ed, and operations disrupted across multiple geogra-
phies.

The choice of target is instructive. As amajor player
in healthcare technology, Stryker occupies a critical po-
sition within global supply chains. Disrupting its opera-
tions has implications not only for the company itself
but for hospitals, patients and healthcare systems that de-
pend onits products and services. The attack thusillus-

trates how cyber operations can extend the battlefield into
the civilian and commercial spheres, amplifying their
impact.

Equallynotableis the narrative accompanying the
attack. The group claiming responsibility framed it as
retaliation for civilian casualties resulting from a prior
missile strike. Whether or not this claim is accurate, it re-
flects the increasingly blurred boundaries between mil-
itary and civilian targets, and between acts of war and acts
of retribution. In the cyber domain, such distinctions
are often difficult to sustain.

Despite these developments, it would be prema-
ture to conclude that cyberwarfare has become the deci-
sive factor in this conflict. If anything, the evidence sug-
gests the opposite. While cyber operations have played an
important supporting role—disrupting communica-
tions, enabling targeting, and shaping perceptions—
their effects have generally been transient. Networks
can be restored, systems rebooted, and services re-
sumed.

Kinetic operations, by contrast, produce immediate
and often irreversible consequences. A destroyed facil-
ity cannot simply be patched or rebooted. This asym-
metry helps explain why, once the conflict escalated into
open warfare, the emphasis shifted toward physical
strikes. Cyber capabilities, while valuable, appear to
function primarily as force multipliers—enhancing the
effectiveness of conventional operations rather than re-
placing them.

This does not diminish their importance. On the
contrary, it underscores their integration into the
broader architecture of modern warfare. Cyber opera-
tions prepare the battlefield, soften targets, and create
conditions that can be exploited by kinetic forces. They
also provide options for escalation and retaliation that fall
short of full-scale military engagement.

At the same time, the relatively restrained use of
more destructive cyber capabilities raises important
questions. It is possible that structural constraints—
such as dependence on connectivity and the risk of unin-
tended spillover—limit their utility. It is equally plausible
thatboth sides are deliberately holding back, aware that
the unleashing of more sophisticated cyber weapons
could trigger unpredictable and potentially uncontrol-
lable consequences.

In this sense, cyberwarfare occupies a paradoxical
position. It is both ubiquitous and constrained, powerful
and limited. It offers new avenues for influence and dis-
ruption, yet remains tethered to the realities of infra-
structure, attribution and escalation.

What this conflict ultimately reveals is not the dom-
inance of cyberwarfare, but its maturation. No longer
an experimental or peripheral tool, ithasbecome an in-
tegral component of military strategy—one that operates
in tandem with, rather than in place of, traditional forms
of power. The shadows in which it operates do not dimin-
ishits significance; they merely reflect its nature.

Asthe conflict continues to evolve, the role of cyber
operationsis likely to expand and adapt. Whether asin-
struments of disruption, tools of persuasion, or precur-
sors to physical strikes, they will remain embedded in the
fabric of modern warfare. The challenge for policymak-
ers and publics alike lies in understanding this invisi-
ble dimension—not as adistant or abstract phenomenon,
but lag a central feature of the conflicts that shape our
world.




