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Abstract
Economic sanctions on oil-producing autocracies change not only the quantity
of oil but also how it is produced. Combining field-level production data
with satellite measurements of gas flaring and atmospheric methane across six
Latin American countries from 2012 to 2024, we study the U.S. sanctions on
Venezuela. Per-barrel gas flaring in Venezuela rose about two-and-a-half-fold
even as production fell by two-thirds—a pattern no unsanctioned neighbor
shows—so environmental damage under sanctions is about two and a half
times what a proportional decline in output would predict. Three channels
generate this gap: the exit of small, dirty fields (composition) is more than offset
by surviving fields running their infrastructure past design capacity (strain)
and cutting their operating budgets (maintenance). We identify strain from
the response of satellite-measured methane to the world price of naphtha, the
imported diluent Venezuela’s extra-heavy crude requires, and maintenance
from a November 2022 U.S. Treasury license that allowed only Chevron to
resume operations at its Venezuelan fields. A similar pattern of rising per-
barrel emissions despite falling output appears under the sanctions on Iran
(after 2018).
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1 Introduction

Economic sanctions are among the most widely used instruments of foreign pol-
icy. Their environmental consequences, however, are poorly understood. When
sanctions target an oil-producing state, the policy calculus weighs geopolitical aims
against the humanitarian cost of lost output. It rarely weighs how the remaining oil
is produced. Yet oil extraction is infrastructure-intensive. Wells, pipelines, compres-
sors, and gas-handling plants need sustained investment, imported equipment, and
technical expertise to run within environmental limits. Sanctions cut off the inputs
that keep this infrastructure working. The result need not be only a reduction in
output. It can also be a degradation of the production process itself, so that the
remaining barrels become not merely fewer but more emissions-intensive.

Venezuela offers a useful setting in which to study this degradation. In August
2017 the United States imposed financial sanctions on Venezuela’s government and
its state oil company, PDVSA. In January 2019 it cut PDVSA off from the dollar
system and from naphtha, the light petroleum product used to thin Venezuela’s
tar-like crude so it can flow through a pipeline. Venezuelan oil output then fell by
about two-thirds (U.S. Energy Information Administration, 2024; Monaldi et al.,
2021), but the gas flared (burned off at the wellhead rather than captured) did not
fall with it. We build a field-level panel of six Latin American oil producers over
2012–2024, pairing production records with satellite measurements of flaring (the
World Bank’s VIIRS night-time product) and atmospheric methane (the Sentinel-5P
TROPOMI sensor). Flaring per barrel of Venezuelan oil rose from 20.3 to 48.1 cubic
meters between the pre-sanctions years and 2022–2024, a factor of about 2.4. Total
flaring damage therefore declined only modestly, even as output collapsed. No
other country in the panel shows this. Colombia’s crude slate also shifted toward
heavy oil, yet its flaring per barrel fell by more than half.

This paper investigates why pollution per barrel rose following the sanctions.
We split the rise into three channels—composition, strain, and maintenance—each
tied to a distinct policy lever. Composition is about which fields produce: when
sanctions raise the fixed cost of operating a field, production tilts toward the sur-
vivors, which may be cleaner or dirtier per barrel than the fields that exit. Strain is
about how intensively the surviving infrastructure runs: as the pipes and plants that
handle the gas are pushed past the capacity they were built for, more of the gas that
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comes up with the oil is vented or flared instead of captured. Maintenance is about
how well each barrel is produced: when upkeep of compressors and gas-capture
equipment is deferred, emissions rise at a given level of output. The three channels
are exhaustive (which fields operate, how much each produces, and how each is
run) and they are easy to confuse, because any pollution measure responds to all
three at once. Separating them is the central task, and we study each with a design
that holds the other two fixed. The gas can leave a field in two forms, and the form
it takes matters: flared, it burns into carbon dioxide; vented, it escapes as methane,
which does far more climate damage and is invisible to the satellites that track
flaring.

The strain channel is the paper’s central result. Venezuela’s extra-heavy crude is
too thick to flow through a pipeline unless it is thinned with naphtha, bought on
world markets. Its price is therefore set far from Venezuela and cannot be moved
by the methane over any one Venezuelan field. When naphtha is expensive, the
diluent that keeps the crude moving runs short, and gas escapes as the handling
chain strains to cope. The clearest case is a substitution: to stretch the scarce import,
operators thin the extra-heavy crude with lighter crude drawn from Venezuela’s
eastern conventional fields. Those fields carry far more gas per barrel, and the
compressors that once pumped that gas back underground have failed, so working
those fields harder to supply diluent vents their gas as methane.

We track how the methane measured above each 10 km patch of ground moves
with the world naphtha price, holding fixed each patch’s own baseline and the
conditions common to a month. It rises where this mechanism operates: along the
pipeline corridor that carries the diluted crude and at the conventional fields pulled
into the blend, but not along the matching corridor for crude that flows on its own,
nor at the extra-heavy wells, whose oil carries almost no gas. The methane responds
only where the mechanism is present, and only in Venezuela, which distinguishes
the channel from any common oil-price swing.

The composition channel pushes average pollution per barrel down rather than
up, against the intuition that a collapsing oil sector tilts toward a more emissions-
intensive mix. Surviving Venezuelan production shifted toward the resource-rich,
extra-heavy core in the country’s east, kept running by the foreign partners who
stayed: PetroPiar with Chevron, Sinovensa with China’s CNPC, and the Indian-run
Carabobo block. It shifted away from the conventional fields PDVSA was left to run
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alone, which carry far more gas per barrel and so flare more, all else equal. Moving
the average barrel toward the extra-heavy core therefore lowers the gas flared per
barrel. Composition is an offset: the rise happens despite a favorable shift in the
mix, which makes the within-field deterioration behind it larger still.

The sanctions themselves supplied the experiment we need for the maintenance
channel. In November 2022 the U.S. Treasury issued a license, General License
(G.L.) 41, that let Chevron (and only Chevron) resume operating its Venezuelan
fields while still barring any payment to the government (Congressional Research
Service, 2024). It restored the spare parts, expertise, and financing for upkeep
at a handful of fields without restoring revenue to the regime. The fields left out,
together with the years before the license, show what would have happened without
it. The license raised maintenance spending at those fields, and in the flaring-
volume regression a one-percent rise in per-barrel upkeep is associated with about
0.54 percent lower flaring volume. If anything, this understates the maintenance
margin, since upkeep is measured as total operating spending per barrel, only part
of which bears on gas handling; the response to abatement spending alone, the
object that structural estimates such as Shapiro and Walker (2018) recover, would
be larger.

We then add up the three channels. Composition, the favorable shift toward
cleaner fields, subtracts 6.9 cubic meters per barrel (m3/bbl); the two within-field
forces more than offset it, strain adding 23.5 and deferred maintenance 11.2, a split
the Chevron elasticity pins down. Valued at the U.S. Environmental Protection
Agency’s social costs of carbon and methane, the gas burned does about $5 billion
(bn) of climate damage a year and the gas vented about $6 bn, some $11 bn in all,
or forty dollars for every barrel Venezuela still produces.1 Those figures are levels,
the sector’s annual bill as sanctions have left it, not increments over a no-sanctions
path; Section 8.2 separates the two where the data allow, putting the excess over
proportional decline at roughly $3 bn a year of the flaring bill and, under a single
stated assumption, some $4 bn of the venting bill. The mix of emissions shifted

1Flaring: our panel shows about 13.7 bn m3 of gas flared a year over 2022–2024, in line with the
World Bank tracker (World Bank, 2026); burned at roughly two kilograms of carbon dioxide per
cubic meter, that is about 27 Mt (million metric tons) a year, or $5 bn at the EPA central social cost
of carbon of $190 per metric ton (U.S. Environmental Protection Agency, 2023). Venting: the IEA
inventory puts Venezuelan oil-and-gas methane near 3.6 Mt a year (International Energy Agency,
2025), or $6 bn at the EPA social cost of methane of $1,600 per metric ton (U.S. Environmental
Protection Agency, 2023).
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with the sanctions: output fell by two-thirds while the gas flared fell by only about
a fifth, and the gas vented rose, unburned methane doing far more damage than
the same gas burned off. This climate cost goes unrecorded in a policy debate that
weighs sanctions in lost output and revenue, yet the part the sanctions caused,
roughly $7 bn a year, is more than two-fifths of the $16 bn in lost oil revenue that
synthetic-control estimates attribute to them (Rodríguez, 2022).

The strain and maintenance channels point to a policy remedy. Both depend on
inputs the operator cannot buy under sanctions—the diluent that moves the crude
and the spare parts and service contracts that hold emissions down—and both can
be licensed apart from the revenue the sanctions are meant to deny. The Chevron
license showed the separation works: it restored those inputs at four fields yet did
not relax the ban on revenue to the regime, because the proceeds went to Chevron
in repayment of debts the state firm owed it. A license written for the inputs of
lower-emissions operation rather than for output, an environmental carve-out, would
relieve the technical constraint that drives the within-field rise while leaving the
financial one in place. Its value is a climate benefit the operator does not capture, the
wedge between social and private returns (Bloom et al., 2013). Left to the market,
the gap stays open: the state firm cannot fund the rebuild and the foreign firms
that could are deterred by sanctions and by the risk of expropriation (Fioretti et al.,
2026b).

The paper contributes to three literatures. The first measures what sanctions
cost the countries they target: Hufbauer et al. (2007), Neuenkirch and Neumeier
(2015), and Gutmann et al. (2023) assess their aggregate effects, Afesorgbor (2019)
and Crozet and Hinz (2020) the trade losses, and a Venezuelan strand debates how
much of the oil collapse the sanctions caused (Weisbrot and Sachs, 2019; Bahar
et al., 2019; Rodríguez, 2022; Monaldi et al., 2021; Fernández-Villaverde et al., 2025).
That work asks how much oil gets produced and sold. The paper asks how the
oil that remains is produced, and shows that sanctions degrade the process, with
environmental costs that the output figures do not record.

The second studies the aggregate consequences of distortions for the allocation of
production: Restuccia and Rogerson (2008) and Hsieh and Klenow (2009) measure
the productivity cost of misallocation, and later work extends the margin to industry
cases and to the environment (Asker et al., 2014; Tombe and Winter, 2015; Fowlie
et al., 2012; Graff, 2026). In our setting the welfare loss runs not through measured
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productivity but through external damage: the same barrel, produced with higher
emissions intensity.

The third decomposes environmental performance into the margins that produce
it. Shapiro and Walker (2018) split the fall in U.S. manufacturing pollution into scale,
composition, and technique; Masnadi et al. (2018), Asker et al. (2024), Coulomb et al.
(2026), and Covert and Kellogg (2025) study how the composition of oil supply sets
its external damage; and a remote-sensing strand measures oil-and-gas pollution
from orbit (Cust et al., 2017; Lade and Rudik, 2020; Agerton et al., 2023; Blundell
and Kokoza, 2022; Plant et al., 2022; Lorente et al., 2021; Marks, 2022; Nathan et al.,
2024). Our composition and within-field margins are the extraction analogue of
composition and technique, estimated from orbit. The paper’s contribution is to
bring the three literatures together in one setting and to identify each channel with
its own design: operator selection and gas–oil ratios for composition, a naphtha-
price instrument for strain, and the Chevron license for maintenance.

The paper is structured as follows. Section 2 sets out the three-channel frame-
work; Section 3 the sanctions chronology and the physics of extra-heavy oil; Sec-
tion 4 the data and the descriptive rise. Sections 5 to 7 identify the composition,
strain, and maintenance channels in turn. Section 8 adds up the channels, values
them at the social cost of carbon and methane, develops the maintenance external-
ity, and draws out the implications for sanctions design and the investment gap.
Section 9 concludes. Robustness and supplementary material are collected in the
Online Appendix.

2 Conceptual Framework

A natural benchmark for the environmental impact of a sanctions-induced output
decline is proportional decline: if production falls by x percent, the damage from
extraction (flaring, methane leakage, local pollutants) falls by x percent too. The
benchmark presumes the production technology is unchanged: the same fields
operate, each is run at unchanged operating intensity, and none is pushed past its
design envelope. Whether it holds is the central empirical question of this paper.
Let R denote the ratio of post- to pre-sanctions flaring damage per barrel; under
the benchmark R = 1, and in Venezuela R ≈ 2.4, as production-weighted flaring
intensity rises from 20.3 to 48.1 m3/bbl.
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Sanctions can move outcomes away from the benchmark along three central
margins,

D = ∑
i ∈ operating︸ ︷︷ ︸

(i) composition:
which fields operate

[
αi(mi)︸ ︷︷ ︸

(ii) maintenance:
per-barrel intensity

· qi + βi
2 q2

i︸︷︷︸
(iii) strain:

convex in output

]
. (1)

Total damage sums, over the operating fields, a per-barrel intensity times output
plus a convex term, and each piece is a channel. We illustrate each channel below
and show the derivation of each term of (1) in Appendix A.

Composition is the set the sum in (1) runs over: sanctions raise the per-period
fixed cost of running any field (evasion infrastructure, lost foreign expertise, pre-
mium pricing for sanctioned counterparties), so fields that cannot clear the higher
threshold shut down and output concentrates on the survivors. Whether that
raises or lowers aggregate intensity depends on the baseline intensity gap between
the fields that exit and those that stay, which Section 5 resolves in favor of the
lower-intensity survivors.

Maintenance is the per-barrel intensity αi(mi), not an engineering constant but a
quantity that falls in the operating budget mi, which repairs leaks, replaces worn
equipment, and keeps associated gas captured rather than burned (α′i(mi) < 0);
sanctions cut that budget through limited access to spare parts, capital, and foreign
contractors, raising intensity wherever production continues.

Strain is the convex term βi
2 q2

i (βi ≥ 0): the pipes, compressors, and gas-handling
equipment that move the co-produced gas have a fixed capacity, so as a surviving
field absorbs the output of exited fields and presses toward that capacity, a growing
share of its gas is flared or vented rather than captured, and damage per barrel rises
faster than output.

The proportional-decline benchmark obtains when sanctions shift only the
overall scale of output, leaving the operating set, each field’s maintenance budget,
and every field’s proximity to capacity unchanged.

The three margins are not independent. When sanctions raise the fixed cost of
operating a field, the field that can no longer cover it is retired (composition), the
survivor absorbs its output and presses toward its own capacity (strain), and if the
survivor’s upkeep is cut at the same time, its per-barrel intensity rises (maintenance).
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Choosing which fields to run, and how hard to run each, is the production-portfolio
problem of a multi-field operator under capacity constraints (Fioretti et al., 2026a).
Because one shock moves the three together, no single pollution series separates
them, which is why identification requires multiple shocks. The three designs that
follow share no common assumption, so a threat to one is not a threat to the others.

The aggregate per-barrel intensity is the production-weighted average of the
field intensities,

I = ∑
i

si ιi, ιi = αi(mi) +
βi
2 qi, (2)

with si field i’s share of production, so a change in I splits into a between-field
term (composition) and a within-field term (∆ιi = ∆αi + ∆( βi

2 qi), maintenance
plus strain). Section 5 implements this split, and Section 8 aggregates the channel
estimates into R and values them.

3 Sanctions and the Physics of Extra-Heavy Oil

The sanctions–environment link in Venezuela runs through a specific physical
mechanism that is not generic to oil extraction. This section sets out the two pieces
of context the analysis draws on: the sanctions chronology, and the physics of extra-
heavy crude that makes Venezuela depart from the proportional-decline benchmark
while its neighbors do not.

3.1 Sanctions Chronology

Venezuela holds the world’s largest proven oil reserves and produces from two
regions with distinct crude. The Maracaibo Basin in the west produces conventional
heavy crude (11–19◦ API) that flows through pipelines without modification. The
Orinoco Belt in the east (the Faja) produces extra-heavy crude (8–10◦ API) so viscous
at surface temperatures that it cannot move through a pipeline without first being
blended with imported light hydrocarbons, most commonly naphtha; the east also
holds conventional, lighter-crude fields around Maturín. Before sanctions, the
Orinoco accounted for roughly 51 percent of national crude output and Maracaibo
for roughly 30 percent (U.S. Energy Information Administration, 2024; Monaldi
et al., 2021). The asymmetry in crude characteristics, and the Orinoco’s dependence
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on imported diluent, is the physical reason for the patterns this paper documents.
The United States imposed sectoral financial sanctions in August 2017 (Executive

Order 13808), restricting U.S.-person dealings in new debt and equity issued by the
government and PDVSA. In January 2019 the Treasury’s Office of Foreign Assets
Control designated PDVSA itself, severing it from the dollar clearing system and
from U.S.-sourced inputs, most consequentially the naphtha that Orinoco crude
requires for transport. Secondary sanctions in 2020 widened the perimeter to non-
U.S. counterparties. Aggregate production fell from a 2016 level near 2.28 million
barrels per day to a 2020 trough of about 0.58 before stabilizing near 0.78 in 2023–
2024. The collapse extended well beyond oil: real GDP fell by about three-quarters
between 2013 and 2021, and roughly seven million people, nearly a quarter of the
population, emigrated (Alvarez et al., 2022).

In November 2022 the Treasury issued G.L. 41, permitting Chevron to resume
operations at its Venezuelan joint ventures under a continued ban on revenue
distribution to PDVSA. A broader easing, G.L. 44 of October 2023, briefly relaxed
sanctions on the whole sector before their partial reimposition in 2024.

3.2 The Emissions of the Venezuelan Oil Sector

What should emissions do when production falls in a well-run field? Flaring is
engineered to be small in steady state: associated gas is captured for sale, reinjected,
or used as on-site fuel, and flared only as a safety relief (World Bank, 2024, 2025).
Methane leakage scales with the equipment in service and its upkeep (Marks, 2022;
Plant et al., 2022): when COVID-19 cut activity in the Permian, the largest U.S. basin,
methane fell roughly in proportion and reversed with the recovery (Lyon et al.,
2021). Under proportional decline, then, flaring intensity holds near its baseline
level and methane falls in line with output.

The benchmark fails in Venezuela because of how extra-heavy oil moves. Ori-
noco crude is too viscous to flow through a pipeline on its own: it is blended with
naphtha, hauled north to the upgraders on the José coast (the plants that turn the
blend into exportable synthetic crude), and the naphtha recovered there is piped
back to the wellheads for reuse, a closed diluent circuit (True, 1998; Chang, 1998;
Hernández and Monaldi, 2016). The 2019 designation cut off the U.S. naphtha it
ran on (Monaldi et al., 2021; U.S. Energy Information Administration, 2024), and
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since heavy-oil wells cannot be throttled without permanent damage from wax
and asphaltene precipitation, lifted crude waits for thinning while the sinks that
would take its associated gas—the sales pipelines, the reinjection compressors, the
upgraders—fail with the circuit. What cannot be captured is flared or vented.

Where the gas escapes is set by its own geography, not the crude’s. The Faja
crude that needs the naphtha carries almost no gas of its own, its gas–oil ratio
essentially zero, a feature of Orinoco oil (True, 1998). The methane over the corridor
is therefore not wellhead gas but the strained system’s own emissions, released by
the equipment strung along the route as the circuit backs up.2

The gas-rich fields are the conventional ones of the east, around Maturín, which
the circuit reaches by a second route: their light crude is the domestic substitute
for imported naphtha, blended with Faja extra-heavy to make Merey 16 (Hernán-
dez and Monaldi, 2016; Caracas Chronicles, 2024). When naphtha is expensive,
operators draw harder on these fields, and their associated gas, which the idle
reinjection compressors can no longer push back underground, escapes for lack
of a sink (Bellorín, 2016; Mogollon, 2021; Incorrys, 2026). Maracaibo conventional
grades, by contrast, flow without diluent and can be shut down without comparable
damage.

4 Data

We assemble a field-level panel of the six Latin American oil economies and pair it
with two satellite records and a world price. Field production, operating and capital
spending, ownership, crude grade, and oil-in-place come from Rystad Energy’s
UCube, which tracks 7,333 fields across Argentina, Brazil, Colombia, Ecuador,
Mexico, and Venezuela over 2012–2024, 666 of them Venezuelan.

Flaring is the World Bank’s VIIRS night-time product. We link flare-site-years
to Rystad fields in two steps: accepted field-name matches are assigned directly,
and remaining sites are allocated across producing fields within a geographic
buffer using production-weighted inverse-squared-distance weights with a 100-
meter distance floor, falling back to pure inverse-squared-distance weights when

2Because pipelines are sealed, methane detected in cells along a pipeline corridor must originate
from associated infrastructure (e.g., right-of-way equipment, pump stations, storage and gathering
facilities, and co-located gas and fuel-gas lines) and scales with their operation and maintenance
(Marks, 2022; Plant et al., 2022).
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production is missing; Appendix B illustrates the matching and its geographic
allocation in full. Motivated by field shapes, the default allocation uses a 15 km
buffer, and allocated volume divided by Rystad production gives flaring per barrel.3

Figure 1 maps the resulting field-level flaring intensity across the six countries:
Venezuela’s Orinoco Belt and Maracaibo Basin carry the densest and most intense
flaring in Latin America, set well above every neighbor.

Methane is the Sentinel-5P TROPOMI column—the average methane concen-
tration of the air column above each point—aggregated to 10 km cells by month
from late 2018, with 1,280 Venezuelan cells matched to oil-field and pipeline activ-
ity. The naphtha price used in the strain analysis is the northwest-European spot
benchmark, and pipeline geometry is the union of the OpenStreetMap and Global
Energy Monitor networks. For VIIRS flaring we report descriptive sensitivity at the
7.5 and 15 km radii and decomposition robustness at 10 and 15 km; the methane
designs vary the wellhead and pipeline radius from 10 to 50 km.

The two satellites see different things, and the difference is central to the paper.
VIIRS detects the heat of a flame, so a flare is bright and precisely located, but gas
vented uncombusted gives off no heat and is invisible to it. TROPOMI instead
measures the methane column over a 10 km cell, capturing the vented gas VIIRS
misses but localizing it far less precisely, and its record begins only in late 2018.
The two are complements: VIIRS gives a long, precise series on combustion for the
descriptive rise and the maintenance channel, and TROPOMI the venting on which
the strain channel depends.

Venezuela is the largest heavy-oil producer in the hemisphere and the only
sanctioned one, and it was the most emissions-intensive large heavy-oil operation
there before sanctions began. Table 1 sets its pre-sanctions numbers beside its
neighbors: Venezuelan fields hold an order of magnitude more oil in place (a mean
of 1,017 against 15–225 mn barrels), flared roughly four to thirty-seven times more
per barrel (136.1 m3/bbl at 15 km against 3.7–30.3 elsewhere), and were half state-
owned (52 percent national-oil-company share against 20–39). The rest of the paper
examines what sanctions did to this operation.

3We use the June-2026 release of the Global Gas Flaring Tracker (World Bank, 2026), whose
enhanced methodology (three NOAA satellites and a recalibrated flare-location catalogue) revises
the 2012–2024 history upward relative to earlier releases.
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Figure 1: Oil fields and flaring intensity across Latin America

Argentina

Brazil

Colombia

Ecuador

Mexico

Venezuela

Avg. flaring intensity (m³/bbl) 1 10 50 200 500

Notes. Each point is a Rystad field in the six-country panel; filled points flared at least
once over 2012–2024, with marker size proportional to mean non-zero flaring intensity
(winsorized at the 99.5th percentile), and hollow points never flared. Flaring is the World
Bank VIIRS volume allocated under the default 15 km field-allocation rule. Crude grade
and field location are from Rystad UCube. Basemap from Natural Earth.

4.1 The Motivating Fact

Sanctions did not raise the gas Venezuela flared; they cut the oil it produced, and per-
barrel pollution rose through the ratio. Figure 2 plots country-level flaring, flaring
per barrel, production, and operating spending in their native units.4 Venezuelan
output falls by about two-thirds after 2017 while the five unsanctioned neighbors
hold roughly flat, and spending falls with it; the flared volume ends the period
at its 2012 level, about a fifth below its pre-sanctions average. Flaring per barrel
is the ratio of the two, so a roughly flat numerator over a denominator that falls
by two-thirds produces the rise. A country that burns four-fifths of the gas while
pumping a third of the oil appears, per barrel, two and a half times more emissions-
intensive. Whether gas management also deteriorated (through venting rather than
capture) is a separate question the flat VIIRS series cannot settle, because VIIRS
sees combustion and not venting; Section 6 settles it with regressions that use the

4Appendix Table B.1 puts a difference-in-differences behind each series, adding capital spending
and reporting flaring at both the 10 and 15 km allocation radii.
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Table 1: Descriptive statistics

Argentina Brazil Colombia Ecuador Mexico Venezuela

Panel (a): Geology & Reservoir

Water depth (m) 520.8 (540.3) 134.0 (161.6) 410.3 (829.1) 336.8 (388.5) -146.1 (808.3) 111.0 (173.4)
Reservoir depth (m) 1872.1 (767.7) 1427.8 (736.8) 2446.3 (1235.9) 2572.5 (650.7) 3219.1 (1902.0) 2293.2 (1137.6)
Porosity (%) 7.6 (8.6) 2.8 (6.4) 6.5 (8.8) 18.2 (3.2) 4.2 (7.0) 9.8 (12.7)
Temperature (◦C) 60.4 (19.2) 50.3 (18.5) 74.2 (27.2) 78.9 (16.7) 88.1 (37.5) 72.3 (36.1)
OOIP (mn bbl) 106.9 (529.5) 14.7 (127.7) 63.8 (460.8) 224.8 (764.0) 130.8 (840.6) 1016.6 (5248.7)
Recovery factor (%) 35.1 (13.9) 31.7 (20.5) 28.5 (12.3) 24.7 (7.8) 45.7 (236.3) 32.1 (14.7)

Panel (b): Production & Economics (pre-period mean)

Production (kbbl/d) 0.4 (1.7) 0.1 (0.9) 0.6 (5.7) 2.0 (7.1) 1.1 (12.3) 3.9 (20.3)
OPEX (mn USD) 4.8 (21.2) 1.3 (10.8) 4.8 (42.3) 4.7 (16.2) 6.0 (52.4) 18.2 (87.8)
CAPEX (mn USD) 6.9 (32.6) 1.0 (6.3) 5.0 (35.2) 9.1 (34.9) 6.1 (45.5) 14.0 (62.9)
NOC ownership share (%) 25.1 (40.8) 23.9 (42.0) 20.4 (36.7) 38.8 (47.7) 24.7 (42.7) 51.5 (41.3)

Panel (c): Field Counts

Number of fields 1,313 1,502 1,455 265 2,132 666
Share onshore (%) 91.2% 100.0% 95.3% 95.8% 66.5% 79.9%

Panel (d): Flaring (pre-period mean, matched fields)

Flaring intensity, 7.5 km (m3/bbl) 22.0 (147.5) 5.3 (13.1) 6.8 (27.7) 4.5 (29.7) 36.4 (180.7) 327.7 (746.0)
Flaring intensity, 15 km (m3/bbl) 19.0 (121.0) 3.7 (10.8) 5.1 (23.7) 3.8 (26.4) 30.3 (132.0) 136.1 (420.9)
Flaring volume, 7.5 km (mn m3) 1.9 (5.8) 3.6 (13.7) 4.1 (8.4) 7.8 (16.9) 44.5 (158.5) 154.1 (518.5)
Flaring volume, 15 km (mn m3) 1.4 (4.7) 2.4 (11.0) 3.1 (7.8) 5.6 (15.0) 32.4 (133.4) 151.9 (797.9)

Notes. Panel (a) reports field-level geological characteristics; Panel (b), pre-period (2012–2016)
field-year averages; Panel (c) counts all fields in the Rystad upstream database by country;
and Panel (d) conditions on the matched subsample of fields with positive flaring in the pre-
period. Where reported, standard deviations are in parentheses. NOC ownership share is
the top-owner share when the top owner is a national oil company (PDVSA, YPF, Petrobras,
Ecopetrol, EP Petroecuador, Pemex), and zero otherwise. Brazil includes onshore fields only;
Mexico includes all fields.

methane column as the outcome.

5 The Composition Channel

5.1 Decomposing the Per-Barrel Rise

The composition of surviving production lowered per-barrel pollution rather than
raising it, ruling out the hypothesis that the per-barrel rise came from a more
emissions-intensive slate of fields. Aggregate flaring intensity is the I of Equation (2),
with ιi measured as field i’s flaring per barrel and si as its share of production. Taking
the change from the pre-period (2012–2016 means) to the post-period (2022–2024
means) and splitting it into a between-field part, a within-field part, and their
interaction gives
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Figure 2: Evolution of flaring, production, and spending by country

(a) Flaring (volume) (b) Flaring per barrel

(c) Production (d) Operating spending

Notes. Country-level aggregates in native units: flaring in million cubic meters, flaring per
barrel in cubic meters per barrel, production in million barrels, and operating spending
in million U.S. dollars. The flaring-per-barrel panel is the production-weighted mean of
field intensities winsorized at the 99.5th percentile. Venezuela is the solid line; the five
unsanctioned neighbors are the lighter lines. Vertical dashed lines mark the 2017, 2019,
and 2022 sanctions tightenings; gray bands mark periods when Brent exceeds $100 per
barrel. Flaring is World Bank VIIRS volume; production and operating spending are from
Rystad UCube.

∆I︸︷︷︸
+27.8

= ∑i(∆si) ι
pre
i︸ ︷︷ ︸

composition=−6.89

+ ∑i spre
i (∆ιi)︸ ︷︷ ︸

within-field=+75.15

+ ∑i(∆si)(∆ιi)︸ ︷︷ ︸
interaction=−40.5

. (3)
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Figure 3: The composition offset and the within-field rise: a counterfactual holding
each field’s flaring per barrel at its pre-period level
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Notes. Both lines are Venezuela’s production-weighted aggregate flaring intensity, in cubic
meters per barrel. The dashed line with open markers is a composition-only counterfactual,
∑i sit ι

pre
i , the aggregate intensity if every field kept its pre-period (2012–2016) flaring per

barrel while production shares sit evolved as observed. The solid line with filled markers
is actual aggregate intensity, ∑i sit ιit. Vertical dashed lines mark the 2017, 2019, and 2022
sanctions tightenings. Field production is from Rystad UCube and flared volume from
World Bank VIIRS under the default 15 km field-allocation rule.

The composition term holds each field’s flaring per barrel at its pre-period level and
moves only the production shares; it is the empirical counterpart of the operating
set in the damage function, Equation (1).

Composition is an offset, not the cause. It contributes −6.89 m3/bbl, a quarter
of the total change in magnitude and with the wrong sign for an explanation:
reallocation pushed aggregate intensity down, since the fields whose flaring per
barrel rose most were the ones losing share. The rise is the within-field term, +75.15
gross and +34.65 once the interaction is included.

Figure 3 shows how small composition is. The composition-only counterfactual
(dashed), holding every field at its pre-period flaring per barrel while shares evolve
as observed, drifts down from about 20 to 13 m3/bbl; actual intensity (solid) tracks
it to 2016 and then rises about two-and-a-half-fold. The widening gap, not the
drift, is the entire rise, and it is within-field, identified as strain and maintenance in
Sections 6 and 7.
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5.2 Which Fields Kept Producing

Which fields kept producing depends on the resource base, and a production
difference-in-differences shows it. We regress log(1 + field-level production) on a
post-sanctions indicator interacted with field size, within Venezuela,

log(1 + Yit) = µi + τt + θ
(
Postt × Largei

)
+ εit,

where Postt = 1(t ≥ 2017) equals one from the financial sanctions onward, Largei

marks a field above the national median in size, and µi, τt are field and year fixed
effects. The fixed effects absorb Largei and Postt entered on their own, so the single
estimated quantity is θ: how much more of its pre-sanctions output a large field
kept, relative to a small one, once sanctions hit.

We measure size by oil-in-place, the resource in the ground, which geology
fixes before any sanction. A large field retained 0.83 log points more production
than a small one, rising to 2.95 among the heavy and extra-heavy fields (Table 2,
columns 2 and 4). Past production is a weaker proxy for the same margin, since it is
the outcome’s own pre-period level and mean reversion pulls its gradient toward
zero; measured that way the gradient keeps its sign but not its size or precision
(columns 1 and 3, +0.22 and +1.33, neither significant). We therefore measure the
size gradient with oil-in-place throughout.

A foreign partner preserved production alongside the resource base. A triple-
difference across the six countries separates the two margins:

log(1 + Yit) = µi + τt + θ1
(
Postt × Largei

)
+ θ2

(
Postt × PDVSAi

)
+ θ3

(
Postt × Largei × PDVSAi

)
+ εit,

where PDVSAi marks the fields the state firm ran alone and size is oil-in-place
as before. The three interactions have direct interpretations. θ1, the size gradient
where PDVSA does not operate alone, is +1.33 and precisely estimated: across
Latin America, larger fields held their output. θ2, the extra post-sanctions fall at a
small PDVSA field, is −1.41, and the corresponding fall at a large one, θ2 + θ3, is
about −2.0: the state firm’s fields lost ground at either size. The triple θ3 itself is
−0.60 and imprecise, so the data do not establish that the size gradient weakened
under PDVSA operation (Table 2, column 6). They do show that resources and a
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Table 2: Which fields kept producing after sanctions: the size gradient and
the operator margin

Dependent variable: log(1 + annual production)

(1) (2) (3) (4) (5) (6)

Post × Large +0.22 +0.83∗ +1.33 +2.95∗∗ +1.12∗∗∗ +1.33∗∗∗

(0.44) (0.44) (1.02) (1.19) (0.16) (0.16)

Post × PDVSA-owned −1.21∗∗∗ −1.41∗∗∗

(0.30) (0.33)

× Large (triple) −1.03∗∗ −0.60
(0.47) (0.47)

Sample Ven Ven Ven Ven LATAM LATAM
heavy/extra-heavy only Yes Yes

Large pre-prod. OOIP pre-prod. OOIP pre-prod. OOIP
Field, year FE Yes Yes Yes Yes Yes Yes
Observations 2,977 2,977 806 806 21,970 21,957

Notes. Outcome is log(1 + annual production) at the field-year level for fields active in the
2012–2016 pre-period. Standard errors, clustered by field, are in parentheses. “Large” is an
indicator for above-country-median pre-period production (odd columns) or oil-in-place
(even columns). “PDVSA-owned” is fixed at the field’s pre-period ownership. Columns
1–2 use Venezuelan fields; 3–4 restrict to Rystad heavy and extra-heavy fields; 5–6 are
a triple-difference on all six Latin American countries, where Post × Large is the size
gradient among non-PDVSA fields and the triple is the additional gradient for PDVSA
fields. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.

foreign partner each preserved production, and that the fields with neither—small
and state-run—are the ones that shut down. That is the operator margin behind
the composition offset. Which partners stayed was not random, so we read the
ownership contrast as corroboration; the timing evidence is the resource-size event
study (Appendix Figure C.1).

5.3 Why the Survivors Have Low Flaring per Barrel

The surviving core has low flaring per barrel because of geology, not superior
operating practice. Its extra-heavy crude is so biodegraded that its gas–oil ratio is
essentially zero (0.001 against 0.16 for the rest), leaving almost no associated gas
to flare; in levels the foreign-operated survivors flared 2.1 m3/bbl before sanctions
against 22.0 at the PDVSA-run fields, and their share of national production rose
from 18 to 34 percent while PDVSA’s fell from 78 to 64. Reallocating the average
barrel toward them lowers aggregate intensity, which is why composition offsets
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part of the rise.
Operation, not geology, is the margin that kept these fields alive. The survivors

were the fields a foreign partner continued funding through the sanctions: the
Venezuelan joint ventures whose partner stayed held up far better than the fields
PDVSA ran alone, and in the field-level survival regressions (Appendix Table C.1)
such a venture retains about a log point more production than a PDVSA-run field
even after oil-in-place, age, and baseline flaring are held fixed.

The institutional evidence is consistent with this interpretation. The Orinoco
ventures that kept exporting were the ones that a foreign partner ran and that could
blend or upgrade their crude into a marketable grade (Chevron’s PetroPiar, China’s
CNPC at Sinovensa, which blends extra-heavy crude into the Merey export grade,
and the other foreign-operated blocks of Carabobo and Junín (Chávez Alava and
Vaz, 2021)), while the fields PDVSA ran alone could neither fund their upkeep nor
move their crude. Resource size carries no comparable raw advantage once the
depleted big-producers are set aside. Sanctions limited the state firm’s ability to
operate its fields, so surviving production concentrated in the foreign-operated,
gas-poor Faja core, and the composition offset ultimately reflects the operator
margin.

5.4 Robustness

The offset is robust to how it is measured. The between-field term stays negative
across three pre/post windows and both flaring buffers (Appendix Table C.4), and
it is more negative still when the composition term of Equation (3) is evaluated at
post-period intensities (−47.4) or at the midpoint (−27.1); the pre-period weighting
we report, at −6.89 m3/bbl, is the smallest of the three in magnitude. The selection
behind it holds when the outcome is whether a field shut down altogether rather
than how much it produced, where the resource base predicts survival within
Venezuela and past output does not (Appendix Table C.2); the survivors are at once
low-gas Faja fields and foreign-operated joint ventures, making the offset both a
crude-type and an ownership phenomenon (Appendix Table C.5); and reweighting
the comparison fields onto Venezuela’s covariate profile leaves the oil-in-place
gradient and the PDVSA contrast intact (Appendix Table C.3). In an unreported
check, two-way clustering by field and year moves the size gradient’s standard
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error only from 0.44 to 0.45.

6 The Strain Channel

This section and Section 7 take up the within-field term of the decomposition in
Equation (3), the part of the per-barrel rise that composition does not explain. Two
forces drive it: strain, the gas an underfunded diluent and gas-handling chain can
no longer move (this section), and maintenance, the collapse of the upkeep that
holds per-barrel flaring down (Section 7).

6.1 The 2019 Break and the Departure of the Western Partners

The break in damage occurs in 2019, not at the first sanctions, and at the fields the
foreign partners left (Figure 4). Flaring per barrel at the Venezuelan fields whose
Western partner exited held near 5 m3 through 2017, then climbed after the January
2019 naphtha embargo to a peak near 30 in 2020; at comparable fields elsewhere
that a national oil company inherited, it stayed flat below 5.

Investment explains the timing. At the foreign-partnered fields it was cut first
and deepest, to a third of its 2016 level by 2018 and a tenth by 2020, while operating
spending and output held up longer. The 2017 financial sanctions cut off the capital
to build and replace, but the fields ran on what they had until, by 2019, worn
compressors and gathering lines could no longer be repaired, and at the limit failed
outright, a 2021 pipeline explosion alone halting some 85 wells (Berg, 2021). Strain
is gas the degraded infrastructure can no longer move, appearing with the lag that
infrastructure takes to wear out.

The turnover concentrates production on fewer fields. Share-weighted by in-
ternational partner, the Western majors’ Venezuelan resource base contracts after
2017 as they exit, while the Russian partners that stayed expand and the Chinese
hold flat; flaring follows, falling at the departing majors and rising at the survivors,
against an unsanctioned-neighbor benchmark that moves neither way (Appendix
Figures D.1 and D.2). As the majors leave, their fields pass to the remaining partners
and to PDVSA, so output and its associated gas pile onto a shrinking set whose
gas-handling chain is pushed past what it was built for.

The raw data show it: by 2022–2024 the number of producing Venezuelan fields
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Figure 4: The 2019 break: flaring per barrel and the collapse of investment at the
joint-venture fields
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Notes. Panel (a): group sums of flared volume over production, in cubic meters per barrel.
The solid line with filled markers is the Venezuelan fields whose Western joint-venture
partner exited after 2017; the dashed line with open markers is fields elsewhere in Latin
America where a national oil company inherited an exiting international major. Panel (b):
the Venezuelan joint-venture fields, group sums indexed to 2016 = 100, for oil production
(solid), operating spending (dashed), and investment (dotted). Vertical dashed lines mark
the 2017, 2019, and 2022 sanctions tightenings. Production, spending, and investment are
from Rystad UCube; flared volume from World Bank VIIRS.

had fallen from 217 to 157, a 28 percent contraction against no more than 11 percent
anywhere else, while the five largest fields’ share of output rose from 34 to 44
percent. Argentina also concentrates over this window, but by expansion, new Vaca
Muerta shale supplying four of its five largest fields; Venezuela’s is by contraction,
exiting fields pushing their volume onto survivors built for less. That is the strain
channel in volume terms; the rest of this section identifies it from price variation.

6.2 A Price Shock From Outside Venezuela

The strain channel is venting: methane released without combustion when the
diluent and gas-handling chain is financially constrained. Across Venezuela the
satellite flared volume changes far less than output after 2017, ending the period
near its 2012 level even as output falls by about two-thirds (Appendix Figure D.3),
so the gas the failing system lost beyond the flare escaped without being burned,
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invisible to VIIRS but not to a methane sensor.5 We identify this channel using the
naphtha price.

Without imported diluent, Orinoco upstream operations fail within about six
weeks (Grünberger, 2025). The price of that diluent is set on world markets, far
from Venezuela, and cannot respond to the methane over any one Venezuelan field.
When it rises, the diluent budget buys less, crude backs up in the gathering system,
and gas that would otherwise move with the diluted stream escapes. For each
roughly 10 × 10 km grid cell i and month t we observe the TROPOMI methane
column XCH4,it and estimate

1000 · log XCH4,it = ξi + λt + ∑
k

κk
[

log naphthat × classk(i)
]
+ εit. (4)

The two fixed effects make every comparison within a cell and within a month.
The cell effects ξi absorb each cell’s own baseline methane (a wetland, a city), so
the regression compares a cell only to its own average; the month effects λt absorb
whatever is common to a month, the global trend, the seasons, the pandemic. What
remains is how a cell’s methane co-moves with the naphtha price, and κk measures
that co-movement for cells of type k, against background cells far from any field or
pipe. The factor of 1000 is cosmetic: coefficients are in thousandths of a log point.

The cells fall into six classes, and the design rests on the contrast among them.
Four are field classes, cells within 20 km of a field: the extra-heavy Faja wellheads
(κ1), the conventional Maturín wellheads (κ2), the Maracaibo wellheads (κ3), and
other oil-field cells (κ4). Two are pipeline corridors, cells near the network but away
from any wellhead, each assigned to the system it runs alongside: the Faja-adjacent
corridor of the diluted extra-heavy stream (κ5) and the conventional-crude corridor
of the east (κ6).

The chain of Section 3.2 predicts where methane should track the price and
where it should not. It should rise along the heavy-crude corridor, where naphtha
thins the crude, and at the conventional eastern wellheads, gas-rich fields with no
working sink; it should stay flat at their physical counterparts outside the channel—
the gas-poor Faja wellheads and the no-diluent conventional corridor. The sample
is 25,545 cell-months from November 2018 to December 2024, and Table 3 reports

5Outside analysts describe the same failure, flared-gas volumes holding up even as oil production
fell, as the sector lost the capacity to collect and reinject its gas (Berg, 2021).
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every class at 10, 20, and 50 km.
The loadings κk of Equation (4) show a distinctive pattern, and the pipeline

corridors carry it (Table 3). The heavy-crude corridor responds strongly: a one-log-
point rise in the naphtha price lifts the methane column there by +10.2 thousandths
of a log point (p < 0.01 at 20 km), growing with the corridor’s reach from +4.8 at
10 to +13.4 at 50. The conventional-crude corridor, the corresponding pipeline-cell
class nearest conventional fields, does not move at any radius (+1.3, not significant).
Two sets of pipeline cells are separated by their connection to the Faja diluent system,
and only the Faja-adjacent one responds. The pattern is a transport channel rather
than a point source or mislocated wellhead gas: the responding cells sit a median of
66 km from any field, and the corridor loading survives nearly unchanged (+9.9)
when every corridor cell within 40 km of a wellhead is dropped.

The oil-field cells confirm the channel and locate a second one. The extra-heavy
Faja wellheads, sitting on crude with almost no associated gas, do not respond
(+1.7); the conventional Maturín wellheads do carry a smaller positive signal (+3.4,
p < 0.10, stable across radii). That is the diluent substitution of Section 3.2: a high
price for the imported diluent draws Maturín light crude toward the export blend
and strains the fields that supply it, and their associated gas, with the El Furrial
reinjection idle, escapes because nothing is in place to hold it. A field already
losing its gas for lack of a sink loses more of it the moment it is strained. The
Maracaibo wellheads carry a negative loading (−5.35, p < 0.01), and we do not
read it as a diluent-chain response. The methane over those cells is dominated by
the Lake Maracaibo complex, which emits on the order of 1.2 Mt a year, about a
sixth of Venezuela’s total, roughly half of it from the lake’s aging oil infrastructure
and the rest from other sources (Nathan et al., 2024); none of it runs on naphtha,
since Maracaibo crude moves without diluent (Section 3.2). The class is reported
for completeness, and the strain reading rests on the corridor and conventional-
wellhead contrasts.6

The response is concentrated in the current month and the first lag and then
reverses (Appendix Table D.1). Venezuela does not buy diluent on the spot market
month to month, so the price affects operations with a short delay; a price spike

6Excluding the Maracaibo cells leaves the other classes essentially unchanged (Appendix Ta-
ble D.6): at the 20 km radius the heavy-crude corridor loading moves from +10.2 to +9.8 and the
Maturín loading from +3.4 to +3.3, each retaining its significance, while the Faja wellheads and the
conventional corridor remain small and insignificant.
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Table 3: Strain on the diluent supply chain and the methane column, by cell type

Coefficient on log(XCH4) (×103)

Cell type 10 km 20 km 50 km

Oil-field cells (within the radius of a wellhead)

Cells near the Faja extra-heavy fields +0.43 +1.74 +0.96
(2.58) [14] (1.68) [41] (1.39) [93]

Cells near the conventional fields (Maturín) +3.05∗ +3.41∗ +3.22∗

(1.71) [20] (1.75) [26] (1.76) [29]

Cells near the Maracaibo fields −10.37∗∗∗ −5.35∗∗∗ −1.92∗

(1.72) [15] (1.93) [51] (1.06) [133]

Other Venezuelan fields +0.86 −1.20 +0.71
(1.90) [13] (0.79) [32] (0.68) [116]

Pipeline-corridor cells (near a line, away from any wellhead)

Heavy-crude pipeline corridor +4.80 +10.15∗∗∗ +13.44∗∗∗

(3.35) [29] (2.90) [50] (2.64) [66]

Conventional-crude corridor +1.80 +1.33 +1.15
(1.46) [77] (1.05) [123] (0.88) [190]

Cell fixed effects Yes Yes Yes
Year-month fixed effects Yes Yes Yes
Cell-months 25,545 25,545 25,545
Cells 1,280 1,280 1,280

Notes. Each column is a single regression of log(XCH4), multiplied by 103, on the global naphtha
price interacted with an indicator for cells of that type, estimated over Venezuelan satellite grid cells
for 2018–2024; background cells are the omitted reference. Standard errors, clustered by cell, are
in parentheses. Bracketed figures are the number of cells in each class at that radius. Appendix B
details the construction of the cell classes. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.

defers purchases and lifts venting now, and the catch-up restocking once the price
falls back lowers venting a few months later, so the coefficients on the later lags
are negative. A future-price placebo is null, so the methane does not anticipate the
move.

6.3 Identification and Cross-Country Evidence

The design’s strength is cross-sectional. Naphtha and Brent move almost as one over
our window (correlation 0.96), so the price level alone cannot separate the cost of
diluent from the global oil cycle. The cross-class contrasts can: a common oil-price
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confounder would have to lift methane along one pipeline-corridor class but not
the physically comparable class beside it, and not at the extra-heavy wellheads,
which is not what an aggregate price shock does.

A cross-country comparison shows the pattern is specific to sanctioned Vene-
zuela. Because flaring turns methane into carbon dioxide, one might worry the
satellite signal tracks where flaring fell rather than where venting rose. The heavy-
oil basins of the unsanctioned neighbors say otherwise (Appendix Table D.2): rel-
ative to wellhead cells in no heavy-oil basin, Venezuela’s Orinoco Belt trends up
(+1.30 per year, p < 0.01 at 20 km), while Mexico’s Maya (−2.51) and Colombia’s
Llanos (−0.81) trend down; Ecuador’s Oriente rises (+1.51), but on a profile of
steady expansion rather than a sanctions shock. Appendix Table D.3 formalizes
the comparison in a triple difference on the pooled six-country panel. We regress
the methane column on a linear time trend interacted with whether a cell is in
Venezuela and whether it sits near a pipeline,

log XCH4,it = ξi + τt + ψ0 (t × Venezuelai) + ψ2 (t × NearPipei)

+ ψ1 (t × NearPipei × Venezuelai) + εit,

with cell and year-month fixed effects. Venezuela’s trend away from pipelines is
negative (ψ0 = −0.89 per year), so the rise is not country-wide; the near-pipeline
trend in the comparison countries is also negative (ψ2 = −0.29), so a pipeline on
its own does not lift methane. The extra trend that a pipeline carries specifically in
Venezuela is positive at every radius (ψ1 = +0.88 per year, p < 0.01); estimated
separately within Venezuela and within the comparison countries, the near-pipeline
trend is +0.67 inside Venezuela and −0.28 outside (Appendix Table D.3, Panel A).
The methane rise is confined to Venezuela’s pipeline corridors.

The corridor result is stable across the choices that could drive it. It holds under
two-way clustering, a cell-specific seasonal fixed effect, a region-by-year-month
fixed effect, and dropping the pandemic years 2020–2021 (Appendix Table D.4);
the conventional-corridor placebo stays small and insignificant throughout, except
under the cell-seasonal fixed effect, where it becomes significant at a third of the
heavy-corridor loading. A spatial placebo redraws the corridor at random 999
times, and the observed loading lies beyond every draw (Appendix Figure D.4,
permutation p = 0.001); it also survives varying the radius and dropping cells
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within 30 to 50 km of any wellhead (Appendix Table D.5).

7 The Maintenance Channel

Section 6 traced gas escaping where the diluent chain was starved; maintenance is
the other within-field force, the collapse of the routine upkeep that, when funded,
lowers the gas each barrel flares. That upkeep had been eroding at PDVSA before
sanctions, and the sanctions deepened the erosion by cutting the imported parts and
foreign service firms it depends on (Gugarats, 2024).7 The channel is the hardest
of the three to identify, because spending and output move together; the sanctions
regime itself supplies the experiment. In November 2022 G.L. 41 let Chevron, and
only Chevron, resume operating its four Venezuelan joint ventures, authorizing their
production and their maintenance, repair, and servicing while barring any payment
of taxes, royalties, or dividends to the state (Congressional Research Service, 2024;
Gilroy et al., 2022). For one operator it lifted the input constraint—spare parts,
expertise, and financing for upkeep—while leaving the revenue squeeze on the
regime untouched; by 2025 the ventures it covered accounted for between a quarter
and a third of national output (Hajdari, 2025), and no other operator received the
same relief. It shifts maintenance at a handful of fields, on a known date, for reasons
unrelated to those fields’ pollution.8

7.1 A Triple-Difference for the Maintenance Elasticity

To separate maintenance from strain we estimate the elasticity of flaring to the
maintenance budget mi of Equation (1), proxied at the field-year level by per-
barrel operating expenditure, mit = log(1 + OPEXit/prodit).

9 The obstacle is
that spending and flaring move together for reasons unrelated to upkeep: a field

7For instance, Berg (2021) reports technical staff shed in the 2000s, plant left uninspected, and
one Punta Cardón facility unchecked since 2016 despite a standing maintenance order.

8G.L. 44 of October 2023 briefly eased sanctions on the whole sector before its 2024 reimposition.
It falls at the end of our window and, if anything, works in favor of a conservative estimate: any
relief at the comparison fields makes the controls behave more like the treated Chevron fields,
narrows the treated–control gap, and pulls η5 toward zero.

9Flaring allocates precisely to fields: a flare is a bright point source, assignable to the field beneath
it. The methane column does not. We therefore measure the license effect with flaring, and use
methane only for the strain price response across cell classes (Section 6).
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pumping hard spends more and flares more, so a naive regression confounds the
maintenance margin with the scale of operations.

The license breaks the confound. It raised mit at the Chevron fields, on a known
date, for reasons external to those fields’ own output decisions, so the change in
the spending–flaring relationship there after the license is the identifying contrast.
We recover it from a saturated triple-difference of flaring volume on per-barrel
spending:

log(1 + Fit) = η1 mit + η2
(
mit × Post2017t

)
+ η3

(
mit × Post2022t

)
+ η4

(
mit × Chevroni

)
+ η5

(
mit × Post2022t × Chevroni

)
+ δ

(
Post2022t × Chevroni

)
+ µi + τt + uit.

(5)

Here Fit is flaring volume; Post2017t and Post2022t mark the financial-sanctions
and license windows, with Post2022t = 1 in 2023–2024, the first full post-license
years; and Chevroni marks the treated fields. The field and year effects µi, τt absorb
Chevroni, Post2017t, and Post2022t entered on their own, along with every fixed
field difference and every shock common to a year.

The remaining terms are the slopes on spending, read one at a time. η1 is the
baseline spending–flaring slope at an untreated field before sanctions; η2 and η3

let it shift in the two sanctions windows, common to all fields; η4 lets it differ at
the Chevron fields throughout, absorbing any fixed peculiarity of their technology;
and δ is a level shift in Chevron flaring after the license, the part that does not run
through spending. The coefficient of interest is the triple η5: the change, at the
treated fields and after the license only, in how an extra unit of per-barrel spending
maps into flaring. Because the outcome is log flaring volume, the specification
does not fully hold production scale fixed, so η5 is a conditional slope after those
absorptions, not the net license effect.

Table 4 estimates Equation (5) under three fixed-effect structures. The triple
η5 is stable and negative, at about −0.54 in the first two columns and −0.63 in
the third. The inference is deliberately conservative. The two-way clustering
common in applied work would put every column past the five percent level, but
with only three Chevron fields10 and six post-2022 treated field-years it overstates

10G.L. 41 covered Chevron’s four Venezuelan joint ventures. The fourth, PetroIndependiente,
operates the offshore LL-652 field in Lake Maracaibo; since our field-level samples include onshore
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precision; standard errors corrected for the few treated clusters, the CR2 bias-
reduced estimator with Satterthwaite degrees of freedom (Pustejovsky and Tipton,
2018; Imbens and Kolesár, 2016), put the baseline at p = 0.09 and the other columns
just above 0.10 (exact values in the table). In unreported checks, a restricted field
wild-cluster bootstrap and a placebo that reassigns the three treated-field labels
put the baseline at p = 0.121 and p = 0.127 (999 draws each), the bootstrap itself
conservative with few treated clusters (MacKinnon and Webb, 2018). We treat it as
a suggestive maintenance slope, not a precisely estimated effect.11

The maintenance channel predicts a negative η5: where the license restored the
upkeep budget, an added unit of per-barrel spending buys a larger cut in flaring
than the same spending elsewhere, the marginal dollar going to leak repair and gas
capture rather than to throughput. The level term δ is large and positive (+1.88),
and it carries the key caveat: the license also restarted production, roughly doubling
the treated fields’ output from its 2021 trough, so their flaring rose in absolute terms
as the wells came back. We therefore read η5 as a conditional association: within this
specification, a one-percent rise in maintenance spending per barrel is associated
with about 0.54 percent lower flaring volume.

7.2 The First Stage

The triple-difference requires the license to have moved maintenance spending at
the treated fields. Figure 5 shows that it did, plotting the yearly gap in operating
spending between the Chevron fields and other Venezuelan producers, with 2021
as the reference: flat through 2021, then rising after November 2022 by about 0.38
log points, some 45 percent, over 2022–2024. The flat pre-license path ties the break
to the license rather than to a pre-existing trend, and the rise reflected real activity,
not accounting, with Chevron resuming drilling at its existing Carabobo blocks and
undertaking no new development (Onsat, 2024). This spending rise, external to the
fields’ own output decisions, identifies η5.

fields only, three Chevron fields enter the estimation.
11In an unreported robustness check, excluding the partial 2022 transition year, when the license

took effect only in November, leaves the elasticity at −0.634 (standard error 0.123, significant at ten
percent), so the magnitude is not an artifact of the changeover.
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Table 4: Maintenance channel: per-barrel OPEX and flaring
volume

Flaring volume log(1 + Fit)

(1) (2) (3)

Panel A. Triple-difference estimates
log(1 + OPEX/prod) (η1) −0.0511∗∗∗ −0.0513∗∗∗ −0.0528∗∗∗

(0.0172) (0.0171) (0.0177)
× Post2017 (η2) +0.0617∗∗∗ +0.0581∗∗∗ +0.0633∗∗∗

(0.0187) (0.0191) (0.0207)
× Post2022 (η3) -0.0183 -0.0159 -0.0108

(0.0150) (0.0153) (0.0162)
× Chevron (η4) -0.1686 -0.2797 -0.1228

(2.9029) (2.9206) (2.9224)
× Post2022 × Chevron (η5) −0.5441∗ -0.5383 -0.6308

(0.0998) (0.1087) (0.1301)
Post2022 × Chevron (δ) +1.8764 +1.8901 +2.0956∗

(0.3985) (0.3810) (0.3189)

Field FE Yes Yes Yes
Year FE Yes Yes Yes
Heavy share × Year No Yes No
Orinoco-East × Year No No Yes
Observations 2,309 2,309 2,309

Panel B. Exact p-values for the maintenance elasticity η5
CR2/Satterthwaite 0.092 0.103 0.101

Notes. Saturated triple-difference test of the maintenance channel. De-
pendent variable: log(1 + flaring volume in million m3) at the field-year
level; sample: Venezuelan onshore field-years with positive production,
2012–2024; Post2022 equals one in 2023–2024, the first full post-license years.
Standard errors, clustered by field, are in parentheses. Panel B reports the
exact p-value for η5 in each column. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.

8 Discussion

The three channels are identified. This section adds them up, values them at the
social cost of carbon and methane, develops the externality that makes mainte-
nance a policy lever, and draws out the implications for sanctions design and the
investment gap.

8.1 Adding Up the Per-Barrel Damage Rise

How far does actual damage depart from the proportional-decline benchmark
of Section 2? Let Dpre be total flaring damage in the pre-sanctions baseline and
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Figure 5: G.L. 41 at the Chevron fields: the first stage on maintenance spending
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Notes. Event-study coefficients for log operating spending at the Chevron-operated fields
relative to other Venezuelan producers, by year, with 2021, the year before the license,
as the omitted reference year; the dashed line marks the pooled 2022–2024 difference-in-
differences with its 95% band. Two comparison samples: all Venezuelan onshore producers
(gray circles) and heavy-Orinoco producers only (black triangles). The regressions use
Venezuelan onshore field-years with positive operating spending over 2017–2024 and
control for field and year fixed effects; plotted coefficients are shown for 2019–2024, with
standard errors clustered by field. Operating spending and production are from Rystad
UCube.

Dpost the 2022–2024 average. Output fell by ρ ≡ 1 − Qpost/Qpre ≈ 0.7. Under the
benchmark, damage falls one-for-one with output,

Dctf
post ≡ (1 − ρ) Dpre =

Qpost
Qpre

Dpre, (6)

holding per-barrel intensity, the operating set, and proximity to capacity at their
pre-sanctions values. The departure from the benchmark is the ratio of actual to
counterfactual damage, R ≡ Dpost/Dctf

post = (Dpost/Dpre) · (Qpre/Qpost), which is
exactly the ratio of post- to pre-sanctions per-barrel intensity. In Venezuela that
ratio is R ≈ 2.4: production-weighted flaring intensity rose from 20.3 to 48.1 m3/bbl
while output fell by about two-thirds, so total flaring damage declined by only
about a fifth and per-barrel damage more than doubled.

The headline result does not depend on how flaring damage is measured. Across
the 10 and 15 km allocation buffers and the alternative pre/post windows, the
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within-field rise stays between about +30 and +38 m3/bbl and the composition
offset between −5 and −7 (Appendix Table C.4). The rest of this section decomposes
this rise into the three margins.

The shift-share of Equation (3) splits R − 1 into the channels. Figure 6 draws it.
Composition is an offset: it is the between-field term of Equation (3), ∑i ∆si ι

pre
i =

−6.89 m3/bbl, which holds every field’s pre-sanctions flaring per barrel fixed and
moves only the production shares, so it measures the reallocation alone. Because the
fields that kept producing are the lower-intensity, foreign-operated survivors, the
reallocation lowers aggregate intensity. The two within-field forces more than offset
it. Strain (the gas an underfunded diluent and gas-handling chain can no longer
move) adds 23.5, the largest single channel; the collapse of routine maintenance
adds 11.2. The three sum to the observed rise.12

The split between composition and the within-field rise is exact; the split between
strain and maintenance is set by the paper’s one causal maintenance estimate. The
shift-share separates the producing mix from what happens inside surviving fields,
but it cannot by itself distinguish vented gas from worn-out equipment, because
both raise per-barrel flaring at a field held fixed. We apportion the within-field rise
with the Chevron elasticity: deferred upkeep accounts for about a third of it, leaving
two-thirds to strain. The decomposition also rejects the most immediate reading of
the aggregate rise. A more-than-doubling of pollution per barrel is consistent with
Venezuela’s highest-intensity fields coming to dominate the mix, but the shift-share
shows the reverse. The producing mix moved toward lower-intensity fields, and the
rise happened entirely inside the fields that survived, over and above the offsetting
shift in the mix.

8.2 The Climate Cost

Flaring is the smaller part of the climate cost. Venezuela flared roughly 13.7 bn m3

of gas a year over 2022–2024; by 2025 that was about one in every twelve m3 of

12To separate the within-field effect into maintenance and strain, note the within-field terms of
Equation (3) sum to 75.15 − 40.50 = 34.65 m3/bbl. Two estimates then pin down the maintenance
share. The elasticity η5 = −0.544 of Equation (5) (Table 4, column 1) gives how far flaring falls
when upkeep rises, and βOPEX = −0.514 (Appendix Table B.1) gives how far sanctions cut operating
spending. Their product is the log rise in flaring that the lost upkeep accounts for, so the maintenance
share of 34.65 is ϕ ≡ exp

(
η5 βOPEX)− 1 = 0.323. Maintenance therefore contributes 0.323 × 34.65 =

11.2 m3/bbl and strain the residual, (1 − 0.323)× 34.65 = 23.5.
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Figure 6: The per-barrel flaring-intensity rise decomposed into composition, strain,
and maintenance
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pre
i ; the within-field rise ∑i spre

i ∆ιi, with the interaction
included, is split into strain and maintenance in the ratio 68:32, the share apportioned to
restored upkeep through the Chevron maintenance elasticity of Section 7. Field production
is from Rystad UCube and flared volume from World Bank VIIRS.

gas flared on Earth, from a country producing roughly one percent of the world’s
oil (World Bank, 2026). Burned, that gas releases on the order of 27 Mt of carbon
dioxide a year, about $5 bn of climate damage at the EPA’s central social cost of
carbon of $190 per metric ton (U.S. Environmental Protection Agency, 2023). The
proportional-decline benchmark (6), which takes the output collapse as given, splits
this bill: at pre-sanctions intensity (20.3 against today’s 48.1 m3/bbl) today’s output
would do about $2 bn of flaring damage a year, so roughly $3 bn of the $5 bn is
excess, a failure of flaring to fall with output rather than a rise in flaring, whose
total fell.

The gas vented rather than burned does more damage and is not detected by
the flaring satellite: methane warms the climate many times more, ton for ton,
than the carbon dioxide from a flare. Venezuela’s oil and gas operations vent on
the order of 3.6 Mt of methane a year, an emissions intensity six times the global
average and the largest source in South America (International Energy Agency,
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2025; Kennedy, 2026); at the EPA’s social cost of methane of $1,600 per metric ton
(U.S. Environmental Protection Agency, 2023), that venting does roughly $6 bn
of climate damage a year, above the flaring cost, and larger still once methane’s
stronger near-term warming is weighted. The $5 bn of flaring damage on 286 mn
barrels a year is about eighteen dollars a barrel, and the full climate cost (flaring
and venting together) comes to roughly forty, a cost of the same order as the barrel’s
sale price.

This venting cost ($6 bn) is a level, not a sanctions increment. The mechanism
ties the venting to sanctions: the conventional-field methane column responds
to the naphtha price where the strain mechanism predicts (the Maturín loading
of Table 3), pointing to the underfunded diluent chain rather than to geology or
weather. The mechanism does not quantify the increment: a price with no trend
across the sample identifies venting from month-to-month variation and yields no
cumulative tonnage, and turning the satellite response into a field-level flux would
need an atmospheric inversion, the methane being measured on 10 km cells while
plumes drift tens of kilometers on the wind (Lauvaux et al., 2022). Nor can the
satellite record supply the counterfactual: TROPOMI observations begin in 2018,
after sanctions. Within their window the collapse is visible: Lake Maracaibo output
fell by 60 percent over 2018–2020 with no significant decline in methane, and the
share of produced energy lost as methane roughly doubled, from 11 to 23 percent,
against 1–4 percent in producing regions elsewhere (Nathan et al., 2024).

The benchmark still yields a bound. The same rule (6), applied to venting rather
than flaring, scales the pre-sanctions level down by the fall in output: production
fell to a third, so counterfactual venting is a third of whatever Venezuela vented
before sanctions. That level is unmeasured, but one assumption caps it: the sector
at three times today’s output, its gas handling still running, vented no more in
absolute terms than the 3.6 Mt it vents today. The counterfactual is then at most
1.2 Mt, the excess at least 2.4 Mt, and at least two-thirds of the $6 bn, some $4 bn
a year, sits above the benchmark, an inequality under that one assumption rather
than an estimate.

Beyond that bound we apportion no further: the $6 bn prices what Venezuela’s
operations vent in a year, whether the underlying neglect predates the sanctions
or not. Adding the measured flaring excess and the bounded venting excess puts
the sanctions-attributable climate damage at roughly $7 bn of the $11 bn a year,
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more than two-fifths of the $16 bn a year in oil revenue the sanctions cost Venezuela
(Rodríguez, 2022).

8.3 The Uninternalized Externality of Maintenance

The maintenance margin is a policy lever because its climate benefit is an externality.
Operating expenditure mi lowers a field’s per-barrel intensity, α′i(mi) < 0: spending
on leak repair, compressor parts, and gas capture suppresses the flaring and venting
that the field would otherwise emit. That suppressed pollution—carbon dioxide
and, above all, methane—is a global externality the operator does not capture: its
private return to upkeep is the oil it keeps flowing and the equipment it keeps from
failing, while the climate damage avoided accrues to everyone else. The social return
to maintenance therefore exceeds the private, as with investment in innovation once
spillovers are counted (Bloom et al., 2013), and upkeep is under-provided even
absent sanctions.

The operator chooses mi to set the marginal private value of spending to zero;
the planner adds the avoided climate damage, − SC · α′i(mi) qi > 0, where SC is
the social cost of the carbon and methane the spending suppresses, and so picks
a higher budget. Sanctions that cut mi push it further below the social optimum,
creating an uninternalized external cost that the output statistics do not record.

The Chevron license provides a suggestive estimate of the wedge: the main-
tenance elasticity of Section 7, η5 = −0.54. Read as an abatement elasticity, it is
a lower bound: the regressor is total operating expenditure per barrel, not ded-
icated abatement spending, so its variation is a noisy proxy for the upkeep that
suppresses flaring, and η5 is attenuated toward zero. The elasticity on abatement
spending alone, the object that structural models of the abatement technology
recover (Shapiro and Walker, 2018), would be larger.13

The decomposition quantifies what restoring upkeep more widely could deliver:
the maintenance slice of the per-barrel rise (11.2 m3/bbl on roughly 286 mn barrels
a year) is about 3.2 bn m3 of avoidable flaring a year, some 6.4 Mt of carbon dioxide,
or $1.2 bn of climate damage at the EPA social cost, roughly a quarter of the flaring
cost, before counting any venting.

13Duflo et al. (2018) study this margin directly: the Indian plants they study cut pollution by
running and maintaining existing abatement equipment when regulatory pressure raises the return
to it.
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8.4 Generalization to Other Sanctioned Producers

The logic we propose is general: when sanctions cut output while sparing, or even
concentrating, high-emissions infrastructure, per-barrel emissions rise, and any
large sanctions-driven reallocation should show the same three margins. Iran after
2018 is the natural case. It is a major oil-and-gas methane emitter; sanctions have
cut its output, surviving production has concentrated on a handful of large fields,
and the imported inputs that hold leaks down have been restricted (International
Energy Agency, 2025; Fernández-Villaverde et al., 2025). In the flaring tracker,
Iranian flared volumes against EIA output imply flaring per barrel roughly a third
higher after 2018 than before (World Bank, 2026). We do not run a field-level
decomposition, which the opacity of post-2018 Iranian data would not support; we
offer the three-channel structure as a generalization grounded in the mechanism,
not as new estimates. The measurement template—flaring from VIIRS, methane
from TROPOMI—does generalize: it needs no cooperation from the sanctioned
producer and can be applied wherever production-side data are sparse.

8.5 Separating Financial From Technical Squeeze

The lever suggested by the results is to separate two restrictions that comprehensive
sanctions bundle together but need not move together: the denial of revenue to
the government, and the denial to its fields of the inputs (spare parts, expertise,
diluent) that hold pollution per barrel down. The first is the geopolitical objective.
The second is an environmental side effect with no geopolitical content, and the
Chevron license shows the two can be separated in practice: it restored the technical
inputs while the revenue ban stayed in place.

Call the instrument an environmental carve-out: a license for the inputs of lower-
emissions operation (spare parts, service contractors, gas-capture and reinjection
equipment), granted while output and revenue stay constrained. Sanctions regimes
already carve out food and medicine; this is the same architecture applied to the
inputs of pollution control. In the terms of the episode we study, the carve-out
is G.L. 41 without its production clause: the maintenance, repair, and servicing
authorities, and the diluent purchases that upkeep requires, with the authorities
to produce and lift left out. The Chevron license itself was not that instrument. It
bundled upkeep with a production restart, and at its fields the restart dominated, so
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flaring rose even as the upkeep margin improved. The design lesson is to unbundle
the two and license maintenance rather than barrels.

Two design questions follow. The first is leakage: parts and contractors are
fungible, and inputs licensed for upkeep can end up raising output instead, as
the bundled Chevron license did by design; the answer is a narrow licensed list
(compressor parts, leak repair, gas capture, reinjection) kept far from drilling and
lifting services. The second is verification, and it needs no cooperation from the
sanctioned state, because the compliance record is the satellite record this paper is
built on. A flare is visible from orbit at the field level and the methane column at
the 10 km cell, so the sanctioning authority can condition the license’s renewal on
observed flaring at the licensed fields rather than on the operator’s or the regime’s
reporting. The externality of Section 8.3 provides the instrument’s rationale, the
maintenance elasticity its magnitude; because the revenue ban stays in place, its
geopolitical cost is zero.

This lever is supply-side, and it differs from the demand-side instruments that
dominate sanctions practice. A price cap works by making the highest-cost barrels
the least profitable to lift; it retires high-emissions capacity where the high-emissions
fields are also the expensive ones. In Venezuela the cost ordering does not line up
that way. The surviving Faja core is cheap to keep pumping once diluent and upkeep
are in place, so a cap would not selectively retire the high-emissions capacity, and
the channel that drives the damage (inputs denied to fields that go on producing)
is one that a demand-side cap does not reach. The two instruments are therefore
complements rather than substitutes: one squeezes the regime’s revenue, the other
removes the environmental side effect. The right mix depends on whether the
high-emissions capacity is expensive to run, in which case a cap retires it, or cheap
to keep running, in which case licensing its upkeep cuts the per-barrel damage.

8.6 Outlook: The Investment Gap and Its Return

The deterioration this paper measures is an investment gap: the gas is vented for
lack of capital and equipment, not geology. Rebuilding the gas side that sanctions
underfunded—the gathering and processing plant, the diluent pipelines, the rein-
jection compressors, and the steam generation that heavy-oil recovery runs on
(Incorrys, 2026)—would cost tens of billions that our estimates do not price. That
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capital must come from foreign operators, held off by the expropriation risk that a
sovereign cannot credibly commit away (Fioretti et al., 2026b), while the constrained
state firm cannot fund it; the venting reflects a financial constraint. Our estimates
can, however, bound the return.

The climate damage that the gap causes is the social return to closing it. For
as long as the gas-handling system stays broken, Venezuela does about $5 bn of
climate damage a year by flaring and on the order of $6 bn by venting (Section 8.2);
that cost recurs every year the gap is open, so the present value of closing it is a
multiple of the annual figure. The gas now flared and vented is also a resource, not
only a pollutant: captured, it is the fuel that the steam generation and reinjection of
heavy-oil recovery require (Incorrys, 2026; Berg, 2021), so the capital that closes the
gap earns a production return and a climate return at once. Both returns remain
large while the gap stays open—the externality of Section 8.3 at the scale of the
whole gas system.

The license behind these estimates has since been withdrawn: in early 2025 the
United States reversed G.L. 41 and wound Chevron’s operations down by 27 May
(U.S. Department of the Treasury, Office of Foreign Assets Control, 2025). In that
year flared volume at the Chevron fields rose by roughly half while it eased at
comparable heavy-Orinoco fields, a pattern consistent with the mechanism we
document. Our production and operating data from Rystad end in 2024, however,
so this 2025 flaring cannot yet be turned into a per-barrel rate or a test of the channel.

9 Conclusion

Sanctions cut Venezuela’s oil output by two-thirds. Yet for every barrel the country
still produced, the gas flared rose by about two and a half times. This was not
because dirtier fields took over the mix: the fields that kept producing were, if
anything, cleaner, and the extra pollution came from inside them. Sanctions cut off
the imports these fields run on: the diluent that lets heavy crude flow, spare parts,
and investment. Their gas-handling equipment was pushed past its limits and its
upkeep deferred, so more of the gas that comes up with the oil escaped instead of
being captured, and the share of the energy produced going to waste grew as the
industry shrank.

The climate cost of this deterioration is large and mostly absent from a debate
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that measures sanctions by their effect on production and revenue. Burning and
releasing the gas causes on the order of $11 bn of climate damage a year, about
forty dollars for every barrel Venezuela still produces, and we attribute roughly
$7 bn of that damage to the sanctions. Part of this cost is avoidable by policy design.
The inputs that hold pollution down—spare parts, servicing, and diluent—can
be licensed separately from the oil revenue the sanctions are meant to deny. The
2022 Chevron license showed the separation is practicable: it restored upkeep at a
handful of fields while the ban on payments to the government remained in place.
A license written for maintenance rather than for output would keep the financial
pressure on the regime while avoiding the collateral climate damage, in Venezuela
and elsewhere.

Closing the investment gap permanently is a larger task. Rebuilding the coun-
try’s decayed gas infrastructure would cost tens of billions, capital that only foreign
firms can supply and that sanctions and the fear of expropriation now hold back.
But the gas going to waste is both a fuel the industry itself needs and a recurring
source of climate damage, so the return to fixing it is large, in recovered fuel and in
avoided emissions alike. That return does not enter a sanctions calculus that counts
only output and revenue.
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Online Appendix
The two-field model (Appendix A) and the record-linkage procedure (Appendix B)
come first, followed by supplementary and robustness exhibits for the composition
(Appendix C) and strain (Appendix D) channels.

A A Two-Field Model of Reallocation Under Sanctions

This appendix formalizes the three channels of Section 2 in the simplest two-field
economy in which a sanctions-induced rise in per-field fixed costs endogenously
concentrates surviving production on one field. On that composition margin we
layer the maintenance and strain margins, recovering the damage function of
Equation (1). The model defines what each channel is and shows how one fixed-
cost shock activates all three; it is not estimated.

Setup. A producer operates two fields i ∈ {S, L} with capacities QS < QL, con-
stant marginal costs cS < cL, and per-barrel damage intensities αS, αL; which of the
two is dirtier is left open. Field i’s environmental damage is

Di = αi(mi) qi + βi
2 q2

i ,

its per-barrel intensity αi(mi) = α0
i g(mi), falling in the maintenance budget mi

(with g(0) = 1, g′ < 0, g′′ > 0), times output qi, plus a convex term (βi ≥ 0) that
grows as output presses against the field’s fixed gas-handling capacity. Operating a
field costs a per-period fixed cost F. The producer takes the world price p as given
and must raise revenue G, so it must produce q∗ ≡ G/p, which it does at least cost.
We assume QS < q∗ < QL: the small field alone cannot meet the target; the large
field alone can.

Composition: the reallocation threshold. Two production plans meet the target.
Running both fields (qS = QS, qL = q∗ − QS) costs cSQS + cL(q∗ − QS) + 2F;
running only the large field (qS = 0, qL = q∗) costs cLq∗ + F. Running both is
cheaper if and only if

F < (cL − cS) QS,
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that is, when the fixed cost of a second field falls short of the variable-cost penalty
of routing its QS barrels through the dearer field instead. Sanctions scale the fixed
cost, F 7→ λF with λ > 1 (evasion overhead, parts substitution, foreign-expertise
sourcing). The small field is retired once λF > (cL − cS)QS, i.e. once

λ > λ∗ ≡ (cL − cS) QS

F
.

The threshold λ∗ is lower, so a field is retired more readily, the larger its fixed cost
relative to the marginal-cost gap it saves; mature, high-overhead fields cross first.
This is the composition margin: the operating set shrinks from {S, L} to {L} and
QS barrels move to the survivor. Whether that raises or lowers aggregate intensity
depends on the sign of αL − αS, which the threshold does not pin down; Section 5
finds the retired fields to be the dirtier ones, so composition lowers average intensity,
an offset.

Maintenance and strain: the within-field margins. The same shock moves two
margins at the survivor L. Sanctions raise the cost of imported parts and contractors
and so lower the chosen mL; since g′ < 0, the smaller budget raises the per-barrel
intensity αL(mL), the maintenance margin. And the QS barrels that the survivor
absorbs push qL up the convex term, so damage per barrel rises faster than output,
the strain margin, by more the closer qL runs to capacity. The survivor’s per-barrel
intensity changes by

∆ιL = α0
L g′(mL)∆mL︸ ︷︷ ︸
maintenance> 0

+ βL
2 ∆qL︸ ︷︷ ︸

strain> 0

,

both terms positive when sanctions cut upkeep (∆mL < 0) and concentrate output
(∆qL > 0).

Decomposition. Aggregate per-barrel intensity is the production-weighted aver-
age I = ∑i si ιi, with production shares si and field intensities ιi = αi(mi) +

βi
2 qi. A

change in I splits into a between-field term, the shift in the operating set and shares
(composition), and a within-field term ∆ιL (maintenance plus strain). That split is
the shift-share that Section 5 estimates. The model’s lesson is that one fixed-cost
shock activates all three margins at once, so no single pollution series identifies
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them; recovering each requires a design that holds two fixed while moving the
third, the strategy of Sections 5 to 7.

B Linking Flaring, Production, and Methane Records

The three spatial records are joined by location, and how they are joined determines
what each regression can identify. This appendix sets out the procedure summarized
in Section 4.

Flaring to fields. We link World Bank VIIRS flare-site-years to Rystad fields in
two steps. Accepted flare-site name matches are assigned directly to their field
in years when that field is producing; remaining site-years are allocated across
producing fields inside a geographic buffer using production-weighted inverse-
squared-distance weights with a 100-meter floor, falling back to pure inverse-
squared-distance weights when production is missing, and the allocated flare
volume divided by Rystad production gives flaring per barrel. The buffer radius
trades one error against another: too tight, and a field’s flares fall outside it and are
lost; too loose, and they are shared with neighbors that did not produce them. Be-
cause oil-field infrastructure extends several kilometers from the reported centroid,
and a satellite flare need not sit at that centroid, too tight a radius systematically
drops valid matches. Appendix Figure B.1 is a representative case: Acema A, whose
name-confirmed flare site lies 14.6 km from its Rystad centroid, outside a 7.5 km
buffer but inside the 15 km default.

Methane to activity. We tag each TROPOMI cell by what sits near it. A cell is
a wellhead cell if a field of a given type lies within 20 km, and a corridor cell if a
pipeline passes near it but no wellhead does, the pipeline network being the union
of the OpenStreetMap and Global Energy Monitor layers; cells far from any field
or pipe are the background. Corridor cells are split between the two systems by
comparing distance to the Faja extra-heavy family and the conventional-eastern
family, with a 150 km cap: the heavy-crude corridor is closer to the Faja family, and
the conventional-crude corridor to the conventional-eastern family. Cells near the
Maracaibo fields that fall over the open lake are excluded from that class, because
the TROPOMI methane column is retrieved reliably only over land and over the
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ocean in sun-glint geometry, so open-water retrievals are unreliable (Lorente et al.,
2022). The naphtha price enters as a single national series, the northwest-European
spot benchmark, common to every Venezuelan cell in a given month.

These links let a field’s production, the flares above it, the methane column
over its corridors, and the world price of its diluent enter one regression together.
The distinct geography of flares (point sources at the wellhead) and methane (dif-
fuse, along the corridor) is why the flaring and venting channels are estimated on
different cuts of the data.

Figure B.1: Flare allocation and the buffer radius: a field missed at 7.5 km, captured
at 15 km

VIIRS flare site
(Acema A)

Rystad centroid
(Acema A)

14.6 km

15 km 7.5 km

El Tigre

Maturín

Venezuela: Acema A field −−− VIIRS flare and Rystad centroid 14.6 km apart
Name−matched field missed by 7.5 km radius, captured by 15 km

Filled triangle = VIIRS flare site; open circle = Rystad field centroid.

Dashed ring = 7.5 km radius (misses field); solid ring = 15 km radius (captures field).

Small symbols: nearby VIIRS flares (x) and Rystad fields (open triangles).

Notes. Acema A, Venezuela. The filled triangle is the World Bank VIIRS flare-site location
and the open circle the Rystad field centroid; fuzzy name matching confirms both refer
to the same field, yet their coordinates are 14.6 km apart. The dashed allocation ring is
the 7.5 km buffer and the solid ring the 15 km buffer: at 7.5 km the centroid falls outside
the buffer and the field would be dropped from the distance-based allocation. Small grey
symbols mark other nearby VIIRS flare sites (×) and Rystad centroids (open triangle, △);
the inset locates the area within Venezuela. Flare-site locations are from World Bank VIIRS
and field centroids from Rystad UCube. Basemap from Natural Earth.
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Table B.1: The sanctions difference-in-differences on pro-
duction, spending, and flaring

Outcome Venezuela × Post Observations

Flaring volume, log (10 km) −0.135∗∗∗ 19,360
(0.050)

Flaring volume, log (15 km) −0.121∗∗ 19,360
(0.049)

Flaring intensity (10 km) +45.128∗∗∗ 19,360
(13.657)

Flaring intensity (15 km) +53.477∗∗∗ 19,360
(14.627)

Production, log −0.604∗∗∗ 19,360
(0.111)

OPEX, log −0.514∗∗∗ 19,360
(0.116)

CAPEX, log −0.344 19,360
(0.244)

Field, year FE Yes

Notes. The difference-in-differences behind Figure 2: all Venezue-
lan fields against the five comparison countries, on the six-country
field-year panel, 2012–2024, with Post = 1{year ≥ 2017}. Standard
errors, clustered by field, are in parentheses. Columns 1–4 report
flared volume and flaring intensity under the 10 and 15 km alloca-
tion rules; intensity is winsorized at the 99.5th percentile. Volume,
production, and spending enter in logs. ∗∗∗p < 0.01, ∗∗p < 0.05,
∗p < 0.10.
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C The Composition Channel

This appendix documents the composition-channel exhibits in full, giving for each
regression its specification, fixed effects, and standard errors, and discussing its
result. The composition channel is the between-field term of the decomposition
in Equation (3): the change in aggregate flaring intensity that follows from the
shift in which fields produce, holding each field’s own per-barrel intensity at its
pre-sanctions level. The exhibits establish two facts. First, that term is negative, so
the reallocation of output across fields lowered aggregate intensity and offset part
of the within-field rise rather than causing it. Second, the fields that kept producing
were the resource-rich, foreign-operated ones, selected on their resource base and
their operator rather than on their past output.

Figure C.1: Size-gradient event study for the composition difference-in-differences
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Notes. Year coefficients, with 2016 as the omitted reference year, from a regression of
log(1 + field-level production) on year indicators interacted with an above-median oil-in-
place indicator, within Venezuela, with field and year fixed effects and 95% confidence
bands from standard errors clustered by field. This is the size gradient of columns 2 and 4
of Table 2. Vertical dashed lines mark the 2017, 2019, and 2022 sanctions tightenings.
Production and oil-in-place are from Rystad UCube.

Which fields kept producing. Appendix Figure C.1 traces the production gap
between large- and small-resource Venezuelan fields over time. It plots the coeffi-
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cients from a regression of log(1 + productionit) on year indicators interacted with
an indicator for above-median oil-in-place, estimated on Venezuelan fields with
field and year fixed effects and 2016 as the omitted reference year; the bands are
95 percent confidence intervals with standard errors clustered by field. The field
effects absorb every time-invariant difference between fields and the year effects
every shock common to a year, so the coefficients isolate how the large-minus-small
production gap moves relative to 2016. The pre-sanctions coefficients are flat and
insignificant, and the gap opens only after 2017, so the resource-size gradient in
columns 2 and 4 of Table 2 is a break at the sanctions rather than the continuation
of a prior trend.

Appendix Table C.1 runs the candidate margins against one another on a
Venezuela-only cross-section of the 227 fields active before 2017. The outcome
is the single long change in log(1 + production) between the 2012–2016 and 2022–
2024 means, so there is one observation per field, the regression carries no fixed
effects, and the standard errors are heteroskedasticity-robust. The regressors are the
field’s log oil-in-place, log pre-period production, age, pre-period flaring intensity,
and an indicator that its foreign operator kept operating through the sanctions
(Chevron, CNPC, Rosneft, or ONGC). Entered together, the resource base and
the operator predict retention, at +0.25 to +0.29 for log oil-in-place and +1.04 for
operator-stayed, each significant at five percent, while past production, field age,
and prior flaring intensity do not. The two surviving margins are related in the
data, the nine operator-stayed fields holding a median 7,414 mn barrels of oil in
place against 125 mn for the rest, which is why Appendix Table C.5 separates them.

Appendix Table C.2 examines the same selection from the closure side. It is a
logit, with one observation per field and therefore no fixed effects, of an indicator
that the field is inactive or nearly inactive by the post-period on log pre-period
production and log oil-in-place, with heteroskedasticity-robust standard errors,
estimated first across Latin America (1,689 fields) and then on Venezuela alone
(229). Across Latin America both margins predict survival (−0.26 and −0.29, each
p < 0.01). Within Venezuela only the resource base does: log oil-in-place enters
at −0.19 (p < 0.10) and past production is essentially zero (−0.01), so closure in
Venezuela sorted on resources rather than on incumbency.

Appendix Table C.3 checks that the cross-country size gradient is not an artifact
of comparing Venezuela to dissimilar controls. Columns 1 and 3 reproduce the Latin-
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Table C.1: Which Venezuelan fields held their output: re-
sources, operator, and past production

Outcome: change in log(1 + production):
between 2012–16 and 2022–24

(1) (2) (3)

Log pre-period production (production size) +0.05 −0.13 −0.12
(0.04) (0.09) (0.09)

Log oil in place (resource size) +0.29∗∗ +0.25∗∗

(0.12) (0.12)
Field age (years since start-up) −0.00 −0.00

(0.01) (0.01)
Pre-period flaring intensity (log) +0.01

(0.02)
Foreign operator stayed +1.04∗∗

(0.49)

Venezuelan fields 227 227 227

Notes. Cross-section of the 227 Venezuelan fields active before 2017. The
outcome is the change in log(1 + annual production) between the 2012–
2016 and 2022–2024 means, so there is one observation per field and the
regression carries no fixed effects. Heteroskedasticity-robust standard
errors are in parentheses. “Foreign operator stayed” marks the fields whose
partner kept operating through the sanctions (Chevron, CNPC, Rosneft,
ONGC). ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.

Table C.2: Which fields shut down: closure on size and re-
sources

(1) All Latin America (2) Venezuela only
Outcome: field is inactive or nearly inactive by the post-period

Log pre-period production −0.26∗∗∗ −0.01
(0.04) (0.09)

Log oil in place −0.29∗∗∗ −0.19∗

(0.05) (0.12)

Fields 1689 229

Notes. Logit of an indicator that the field is inactive by the post-period on log
pre-period (2012–2016) production and log oil in place. Heteroskedasticity-
robust standard errors are in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.

American columns of Table 2, regressing log(1 + productionit) on Post × Large,
Post × PDVSA, and their triple with field and year fixed effects and field-clustered
standard errors; columns 2 and 4 reweight the five comparison countries’ fields
toward Venezuela’s covariate profile by stabilized inverse-probability weights, built
from a propensity score in log pre-period production, log oil-in-place, and a heavy-
crude indicator, trimmed to [0.02, 0.98] with weights capped at the 99th percentile.
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The two main effects survive the reweighting: the size gradient (Post × Large) runs
from +0.66 to +1.33 and the PDVSA penalty (Post × PDVSA) from −1.21 to −2.21,
each significant in all four columns. The triple does not. It is −1.03 (p < 0.05) in
column 1, which measures size by pre-period production, and −0.53, −0.60, and
−0.39, none significant, in the other three, including both columns that measure size
by oil-in-place. The data therefore identify the two margins separately—resources
and a foreign operator each predicted retention—more sharply than they identify
the interaction between them. Two caveats apply. The effective control sample
is thin, because few comparison fields resemble Venezuela’s, and which partners
stayed was not random.

Table C.3: Composition LATAM columns under inverse-
probability weighting

Dependent variable: log(1 + annual production)

(1) (2) (3) (4)

Post × Large +1.12∗∗∗ +0.66∗ +1.33∗∗∗ +1.12∗∗∗

(0.16) (0.39) (0.16) (0.31)

Post × PDVSA-owned −1.21∗∗∗ −2.21∗∗∗ −1.41∗∗∗ −2.05∗∗∗

(0.30) (0.43) (0.33) (0.35)

× Large (triple) −1.03∗∗ −0.53 −0.60 −0.39
(0.47) (0.60) (0.47) (0.54)

Large pre-prod. pre-prod. OOIP OOIP
IPW (Venezuela profile) No Yes No Yes
Field, year FE Yes Yes Yes Yes
Observations 21,970 21,554 21,957 21,554

Notes. Columns 1 and 3 reproduce the Latin-American columns
of Table 2; columns 2 and 4 reweight the five comparison
countries’ fields toward Venezuela’s covariate profile by stabi-
lized inverse-probability weights. The production outcome is
log(1 + annual production). The propensity score is Pr(Venezuela |
log pre-period production, log oil-in-place, and a heavy-crude indicator);
scores are trimmed to [0.02, 0.98] (2% of fields dropped) and weights capped
at the 99th percentile (9.63). Standard errors, clustered by field, are in
parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.

The size of the offset. Appendix Table C.4 reports the shift-share decomposition
of the per-barrel intensity rise across specifications. The between-field (composition)
and within-field terms are an accounting split of the change in production-weighted
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aggregate intensity defined in Equation (3), so they carry no standard errors. Across
the three pre/post windows and both VIIRS flaring-allocation buffers (10 and
15 km), the composition term stays between −5.25 and −7.17 m3/bbl and the
within-field term between +29.6 and +37.8, so the offset never changes sign, and
the within-field rise is four to seven times its size in every cell. Appendix Table C.5
re-aggregates the same composition term by two overlapping groupings, ownership
(foreign joint venture versus PDVSA-sole) and crude type (the extra-heavy Faja
versus the rest), giving −3.57 and −4.03 against a total of −6.12. Both margins push
in the same direction, so the offset runs through ownership and geology together,
the surviving core being at once foreign-operated and gas-poor.

Table C.4: Composition decomposition under alternative windows and flaring
buffers

10 km buffer 15 km buffer

Pre / post window Composition Within-field Composition Within-field

2012–16 / 2022–24 (baseline) −7.17 +32.53 −6.89 +34.64
2012–14 / 2023–24 (wide) −5.56 +29.64 −5.25 +31.55
2015–16 / 2022–23 (narrow) −6.96 +35.26 −6.71 +37.77

Notes. Production-weighted shift-share of the per-barrel flaring-equivalent intensity rise
(m3/bbl). “Composition” is the between-field term ∑i ∆si ιi,pre; “Within-field” is ∑i si,post∆ιi,
with the interaction included. Columns vary the VIIRS flaring-allocation buffer (10 vs 15 km);
rows vary the pre- and post-period windows.

Table C.5: The composition offset by margin: ownership and crude type

Decomposition margin Contribution (m3/bbl)

Total composition term −6.12

attributable to the ownership margin (Foreign JV vs. PDVSA-sole) −3.57
attributable to the crude-type margin (Heavy Faja vs. other) −4.03

Notes. The composition shift-share term of Table C.4, re-aggregated to two grouping margins: by
ownership (foreign joint ventures vs. PDVSA-sole) and by crude type (the extra-heavy Faja core
vs. the rest). Each row is ∑g ∆Sg ῑg,pre over the stated groups. The two margins do not sum to the
total because the groupings overlap.
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D The Strain Channel

This appendix reports the strain-channel exhibits in full, giving for each regression
its specification, fixed effects, and standard errors. The strain channel is the convex
term of the damage function in Equation (1): the gas that an underfunded diluent
and gas-handling chain, run past the capacity it was built for, can no longer move,
and that escapes uncombusted rather than being captured. Uncombusted gas is
not detected by the flaring satellite, so the exhibits draw on two records: the VIIRS
flaring series for the descriptive setting, and the TROPOMI methane column for the
identification.

The turnover and the denominator. Appendix Figures D.1 and D.2 are descriptive
group sums rather than regressions, and carry no standard errors. Each allocates a
field’s oil-in-place, or its allocated flared volume, to its operators in proportion to
their equity shares, sums within international-partner group, and compares Vene-
zuela with the average of Argentina, Colombia, and Ecuador. The Western majors’
Venezuelan resource base contracts after 2017 as they exit, the Russian partners
that stayed expand, and the Chinese hold flat; flaring falls at the departing majors
and rises at the fields that absorbed their output, while the neighbor benchmark
moves in neither direction. Appendix Figure D.3 indexes Venezuelan totals to 2012:
production falls by about two-thirds while flared volume ends the period near its
2012 level.

The timing of the price response. Appendix Table D.1 estimates when the meth-
ane column responds to the naphtha price. Each column is a separate regression
of Equation (4) that enters a single lag of the log price interacted with the six cell
classes, with cell and year-month fixed effects and standard errors clustered by cell,
on a common sample of 25,520 cell-months. Single lags are entered rather than
a joint distributed lag because the price has first-order autocorrelation of about
0.9, which makes joint lag terms collinear and individually uninterpretable. The
heavy-corridor loading is +10.09 contemporaneously and +5.61 at one month, then
−1.78 at two and −4.09 at three, the reversal that Section 6.2 reads as deferred
purchases followed by restocking. A future-price placebo, the t + 1 lead conditional
on the current and three lagged prices, enters at +1.3 (p = 0.79).
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Figure D.1: Share-weighted oil-in-place by international-partner group, Venezuela
versus the unsanctioned-neighbor average
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Notes. Each panel is one international-partner group: Western majors (including Chevron),
Chinese, and Russian. Within a panel the solid line with filled markers is Venezuela and
the dashed line with open markers is the average of Argentina, Colombia, and Ecuador.
Each field’s oil-in-place is allocated to its operators in proportion to their equity shares
and summed within group, in million barrels; panels use a free vertical axis. Vertical
dashed lines mark the 2017, 2019, and 2022 sanctions tightenings. Ownership shares and
oil-in-place are from Rystad UCube.

Where the methane rose. Appendix Table D.2 regresses the log methane column
on a per-year time trend interacted with a wellhead-area indicator—a cell within
the stated radius of a pipeline and within 10 km of an oil or gas field—and further
with a basin indicator, with standard errors clustered by cell; coefficients are the
per-year change in the log column, multiplied by 103, against an omitted reference
of wellhead-area cells in the five comparison countries lying in no heavy-oil basin.
Venezuela’s Orinoco Belt trends up at +1.30 a year (p < 0.01 at 20 km), Mexico’s
Maya down at −2.51, Colombia’s Llanos at −0.81, and Ecuador’s Oriente up at
+1.51 on a profile of expansion rather than a sanctions shock.

Appendix Table D.3 localizes the rise within Venezuela. Panel B is a single
pooled regression per column over 2,588,253 cell-months across the six countries,
with cell and year-month fixed effects and standard errors clustered by cell, of the
log column on a linear trend interacted with a Venezuela indicator, with a near-
pipeline indicator, and with both. Venezuela’s country-wide trend is −0.89 a year at
20 km and the near-pipeline trend in the comparison countries is −0.29, while the
Venezuela-specific near-pipeline trend is +0.88 (p < 0.01) at every radius. Panel A
estimates the near-pipeline trend within each group separately and obtains +0.67
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Figure D.2: Allocated flaring volume by international-partner group, Venezuela
versus the unsanctioned-neighbor average
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Notes. Each panel is one international-partner group: Western majors (including Chevron),
Chinese, and Russian. Within a panel the solid line with filled markers is Venezuela and
the dashed line with open markers is the average of Argentina, Colombia, and Ecuador.
Each field-year’s allocated flared volume is apportioned to its operators in proportion to
their equity shares and summed within group, in million cubic meters; panels use a free
vertical axis. Vertical dashed lines mark the 2017, 2019, and 2022 sanctions tightenings.
Flaring is World Bank VIIRS volume allocated under the default 15 km field-allocation
rule; ownership shares are from Rystad UCube.

Figure D.3: Flared volume changed far less than production: the per-barrel rise is
the denominator
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Notes. Venezuela totals indexed to 2012 = 100: satellite flared volume within the default
15 km field-allocation rule (solid line, filled markers) and oil production (dashed line,
open markers). Vertical dashed lines mark the 2017, 2019, and 2022 sanctions tightenings.
Flared volume is World Bank VIIRS; production is Rystad UCube.

inside Venezuela against −0.28 outside.
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Corridor robustness. Appendix Table D.4 varies the fixed effects and the cluster-
ing at 20 km. The heavy-corridor loading is +10.09 in the baseline, +10.09 under
two-way clustering by cell and month (standard error 4.48), +11.69 under a cell-
specific calendar-month effect, +9.92 under a region-by-year-month effect, and
+17.82 dropping the pandemic years. The conventional-corridor placebo is small
and insignificant in every column but one: under the cell-seasonal effect it reaches
+3.47 (p < 0.01), about a third of the heavy-corridor loading in that column. The
gap between the two corridors, on which the design rests, is 8.8 in the baseline and
8.2 there.

Appendix Figure D.4 reassigns the corridor label to a random set of cells of the
same size 999 times with the fixed effects held; the observed loading lies beyond
every draw (permutation p = 0.001). Appendix Table D.5 varies the geography:
widening the radius that defines a corridor cell raises the loading from +4.8 at 10 km
to +10.2 at 20 and +13.4 at 50 (Panel A), and dropping corridor cells within 30, 40,
and 50 km of any wellhead leaves it at +9.8, +9.9, and +11.1 (Panel B). Appendix
Table D.6 drops the Maracaibo cells, whose negative loading Section 6.2 attributes
to the lake complex: the heavy corridor is +9.78 at 20 km against +10.15, the
Maturín wellheads +3.33 against +3.41, each retaining its significance, and the two
predicted nulls remain null. Dropping the whole region, which also removes the
open-lake cells that otherwise sit in the background reference, leaves the corridor at
+9.58.

Table D.1: Naphtha-price lag structure for the heavy-crude corridor

(1) (2) (3) (4)
Contemp. Lag-1 Lag-2 Lag-3

log(Naphthat)× corridor +10.09∗∗∗ (2.90)
log(Naphthat−1)× corridor +5.61∗ (2.99)
log(Naphthat−2)× corridor −1.78 (2.37)
log(Naphthat−3)× corridor −4.09∗ (2.31)

Cell fixed effects Yes Yes Yes Yes
Year-month fixed effects Yes Yes Yes Yes
Cell-months 25,520 25,520 25,520 25,520

Notes. Change in log(XCH4), ×103, per log point of the naphtha price, for cells in the 20 km
heavy-crude pipeline corridor of Table 3. Each column is a separate regression that enters
a single lag of the price interacted with the six cell classes of equation (4). Standard errors,
clustered by cell, are in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.
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Table D.2: Methane trend in wellhead-area cells, by heavy-oil basin

Trend vs. the reference Net basin trend

Heavy-oil basin 10 km 20 km 50 km 10 km 20 km 50 km

Venezuela: the Orinoco Belt (extra-heavy) +1.57∗∗∗ +1.30∗∗∗ +1.15∗∗∗ +0.62 +0.39 +0.25
Mexico: the Maya basin (heavy) −2.34∗∗∗ −2.51∗∗∗ −2.65∗∗∗ −3.28 −3.43 −3.55
Colombia: the Llanos basin (heavy) −0.73∗∗∗ −0.81∗∗∗ −0.82∗∗∗ −1.67 −1.73 −1.72
Ecuador: the Oriente basin (heavy) +1.38∗∗∗ +1.51∗∗∗ +1.68∗∗∗ +0.43 +0.60 +0.77

Reference (LATAM, no heavy-oil basin) −0.94∗∗∗ −0.92∗∗∗ −0.90∗∗∗

Cell fixed effects Yes
Year-month fixed effects Yes
Wellhead-area cells (10 / 20 / 50 km) 2,090 / 3,141 / 4,276

Notes. One regression per column-block of the log methane column on a per-year time trend
interacted with a wellhead-area indicator (a cell within the stated radius of a pipeline and within
10 km of an oil or gas field), that interaction further interacted with a basin indicator. The estimate is
the per-year change in the log column, multiplied by 103. Standard errors, clustered by cell, are in
parentheses. The left block reports each basin’s trend relative to the omitted reference, wellhead-area
cells in the five comparison countries that lie in no heavy-oil basin; the right block adds the reference
trend to give the net per-year trend in the basin. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.

Figure D.4: Spatial placebo test for the heavy-crude corridor
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  permutation p = 0.001
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Notes. Distribution of the naphtha-price loading of the methane column when the corridor
label is reassigned to a random set of cells of the same size (999 draws), holding cell and
year-month fixed effects fixed. The dashed line marks the observed heavy-crude corridor
loading; the permutation p-value is the share of placebo draws whose loading equals or
exceeds it in absolute value. Methane is the Sentinel-5P TROPOMI column; the sample
and specification are those of Table 3.
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Table D.3: Is the methane rise country-wide in Venezuela, or only near
pipelines?

Near-pipe radius

Per-year methane trend (×103) 10 km 20 km 50 km

A. Within-country near-pipe trend
Venezuela, near a pipeline +0.78∗∗∗ +0.67∗∗∗ +0.47∗∗∗

(0.15) (0.12) (0.11)
Comparison countries, near a pipeline −0.32∗∗∗ −0.28∗∗∗ −0.25∗∗∗

(0.02) (0.01) (0.01)

B. Triple difference on the pooled panel
Near a pipeline × Venezuela +1.03∗∗∗ +0.88∗∗∗ +0.72∗∗∗

(0.17) (0.14) (0.12)
Venezuela, country-wide −0.81∗∗∗ −0.89∗∗∗ −1.06∗∗∗

(0.07) (0.07) (0.09)
Near a pipeline, comparison baseline −0.32∗∗∗ −0.29∗∗∗ −0.26∗∗∗

(0.02) (0.01) (0.01)

Cell fixed effects Yes Yes Yes
Year-month fixed effects Yes Yes Yes
Venezuelan near-pipe cells 231 371 705
Cell-months (pooled) 2,588,253 2,588,253 2,588,253

Notes. The dependent variable is the log methane column. Panel A reports the per-year
near-pipeline trend estimated separately within Venezuela and within the five comparison
countries (Argentina, Brazil, Colombia, Ecuador, Mexico). Panel B is a single pooled regression
per column: log XCH4 = ξi + τt + ψ0 (t · Venezuela) + ψ2 (t · NearPipe) + ψ1 (t · NearPipe ·
Venezuela), with ξi and τt the cell and year-month fixed effects. Coefficients are the per-
year change in the log column multiplied by 103. Standard errors, clustered by cell, are in
parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.
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Table D.4: Strain estimates under alternative fixed effects and clustering (20 km
radius)

(1) (2) (3) (4) (5)
Cell type Baseline Two-way Cell-seasonal Region × month Drop COVID

cluster FE FE 2020–21

Heavy-crude pipeline corridor +10.09∗∗∗ +10.09∗∗ +11.69∗∗∗ +9.92∗∗∗ +17.82∗∗∗

(2.90) (4.48) (2.46) (2.86) (5.12)
Conventional-crude corridor (placebo) +1.30 +1.30 +3.47∗∗∗ +1.91 +2.16

(1.05) (1.40) (1.06) (1.18) (2.52)
Cells near the conventional fields (Maturín) +3.37∗ +3.37 +3.28∗ +4.72∗∗∗ +2.39

(1.75) (2.31) (1.81) (1.71) (3.56)
Cells near the Faja extra-heavy fields +1.69 +1.69 +2.15 +1.78 +5.19

(1.68) (1.84) (3.01) (1.92) (4.46)
Cells near the Maracaibo fields −5.91∗∗∗ −5.91∗ −4.90∗∗∗ −3.02∗∗ −12.54∗∗∗

(1.94) (3.36) (1.58) (1.31) (2.33)
Other Venezuelan fields −1.24 −1.24 −1.37 −2.29∗∗∗ +0.15

(0.79) (1.50) (1.12) (0.87) (2.49)

Cell fixed effects Yes Yes Yes Yes Yes
Year-month fixed effects Yes Yes Yes Yes Yes
Cell × calendar-month FE No No Yes No No
Region × month FE No No No Yes No
Cell-months 25,520 25,520 21,861 25,520 19,866

Notes. Naphtha-price loading on the methane column (κ̂k × 103) at the 20 km radius, the specification
of the middle column of Table 3, varying the fixed effects and clustering one at a time as indicated in
the column headers and panel rows. Standard errors, clustered by cell, are in parentheses; column (2)
clusters two-way by cell and month. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.10.

Table D.5: The heavy-corridor response across radii and
wellhead-distance cuts

Panel A. Corridor radius
10 km 20 km 50 km

Heavy-crude corridor loading +4.8 +10.2∗∗∗ +13.4∗∗∗

Panel B. Dropping corridor cells within X km of any wellhead (20 km radius)
> 30 km > 40 km > 50 km

Heavy-crude corridor loading +9.8∗∗∗ +9.9∗∗∗ +11.1∗∗∗

Notes. Naphtha-price loading of the heavy-crude pipeline corridor (×103),
from the six-class model of Table 3. Panel A varies the radius that defines
a corridor cell. Panel B drops corridor cells that lie within 30, 40, or 50 km
of any wellhead. All regressions control for cell and year-month fixed
effects. Standard errors, clustered by cell, are in parentheses. ∗∗∗p < 0.01,
∗∗p < 0.05, ∗p < 0.10.
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Table D.6: Strain estimates excluding the Maracaibo cells (companion to Table 3)

Coefficient on log(XCH4) (×103)

Cell type 10 km 20 km 50 km

Oil-field cells (within the radius of a wellhead)

Cells near the Faja extra-heavy fields +0.30 +1.36 +0.42
(2.58) [14] (1.68) [41] (1.42) [93]

Cells near the conventional fields (Maturín) +2.99∗ +3.33∗ +3.31∗

(1.72) [20] (1.78) [26] (1.76) [29]

Other Venezuelan fields +0.88 −1.19 +0.62
(1.89) [13] (0.78) [32] (0.68) [116]

Pipeline-corridor cells (near a line, away from any wellhead)

Heavy-crude pipeline corridor +4.73 +9.78∗∗∗ +12.59∗∗∗

(3.35) [29] (2.89) [50] (2.65) [66]

Conventional-crude corridor +1.78 +1.23 +1.04
(1.46) [77] (1.05) [123] (0.86) [190]

Cell fixed effects Yes Yes Yes
Year-month fixed effects Yes Yes Yes
Cell-months 25,149 24,148 22,440
Cells 1,265 1,229 1,157

Notes. The specification of Table 3 with the Maracaibo class dropped from the model; the five
remaining classes and the background reference are otherwise unchanged, and each class holds
the same cells as in Table 3. Standard errors, clustered by cell, are in parentheses. ∗∗∗p < 0.01,
∗∗p < 0.05, ∗p < 0.10.

OA-18


	Introduction
	Conceptual Framework
	Sanctions and the Physics of Extra-Heavy Oil
	Sanctions Chronology
	The Emissions of the Venezuelan Oil Sector

	Data
	The Motivating Fact

	The Composition Channel
	Decomposing the Per-Barrel Rise
	Which Fields Kept Producing
	Why the Survivors Have Low Flaring per Barrel
	Robustness

	The Strain Channel
	The 2019 Break and the Departure of the Western Partners
	A Price Shock From Outside Venezuela
	Identification and Cross-Country Evidence

	The Maintenance Channel
	A Triple-Difference for the Maintenance Elasticity
	The First Stage

	Discussion
	Adding Up the Per-Barrel Damage Rise
	The Climate Cost
	The Uninternalized Externality of Maintenance
	Generalization to Other Sanctioned Producers
	Separating Financial From Technical Squeeze
	Outlook: The Investment Gap and Its Return

	Conclusion
	A Two-Field Model of Reallocation Under Sanctions
	Linking Flaring, Production, and Methane Records
	The Composition Channel
	The Strain Channel

