SCIENCE ADVANCES | RESEARCH ARTICLE

GEOLOGY

Anomalous K-Pg-aged seafloor attributed to
impact-induced mid-ocean ridge magmatism

Joseph S. Byrnes™?* and Leif Karlstrom?

Eruptive phenomena at all scales, from hydrothermal geysers to flood basalts, can potentially be initiated or modu-
lated by external mechanical perturbations. We present evidence for the triggering of magmatism on a global scale
by the Chicxulub meteorite impact at the Cretaceous-Paleogene (K-Pg) boundary, recorded by transiently increased
crustal production at mid-ocean ridges. Concentrated positive free-air gravity and coincident seafloor topographic
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anomalies, associated with seafloor created at fast-spreading rates, suggest volumes of excess magmatism in the
range of ~10° to 10° km>. Widespread mobilization of existing mantle melt by post-impact seismic radiation can
explain the volume and distribution of the anomalous crust. This massive but short-lived pulse of marine magmatism
should be considered alongside the Chicxulub impact and Deccan Traps as a contributor to geochemical anomalies

and environmental changes at K-Pg time.

INTRODUCTION

The end of the Mesozoic era at ca. 66 million years ago (Ma) is marked
by three globally significant events, the Cretaceous-Paleogene (K-Pg)
mass extinction, the eruption of the Deccan Traps large igneous prov-
ince, and the Chicxulub meteorite impact (I, 2). The possibility of con-
nections between these nearly coincident events remains an actively
debated topic. Early work speculated that focusing of impact-induced
seismic energy triggered large-scale mantle melting and initiated the
Deccan flood basalt eruptions. However, detailed eruptive chronology
(3) and precise dating of both the impact (4) and the flood basalts (5, 6)
show that the earliest eruptions of the Deccan Traps predate the im-
pact. Simulations further suggest that impact-induced initiation of
mantle melting events is unlikely (7), especially if the crater basin
was rapidly back-filled to compensate ejected mass loss (8). Moreover,
the impact site is now known to not have been antipodal to Deccan at
K-Pg time (9). However, recent evidence for a rapid increase in erup-
tion rates (6), shifts to lavas of more primitive chemical composition,
and changes in feeder dike orientations after the bolide impact (10)
suggest a possible association between the Chicxulub impact and
variations in the progression of Deccan Traps eruptions.

Any triggering of volcanism at the paleo-distances between the
Deccan Traps and the Chicxulub crater (9) would involve dynamic
stresses associated with seismic waves, likely involving orders of mag-
nitude more equivalent energy release than the largest tectonic earth-
quakes (11). Seismic triggering is implicated in some smaller magmatic
and hydrologic eruptions (12), when existing fluid reservoirs are avail-
able for mobilization and are sufficiently sensitive to small stress
changes. Earthquakes may also induce non-eruptive volcanic degassing
variability (13), as might be expected from impulsive changes to sub-
surface flow pathways. Although large-scale hydrologic response to im-
pacts has been proposed (14), volcanism due to impacts is generally
hypothesized to be associated with an impact melt sheet or induced
mantle decompression melting on a range of time scales (15) rather
than mobilization of existing stored melt.

If radiated seismic energy did play a role in modulating Deccan
eruptions, then other volcanic systems may have been influenced as
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well. The global mid-ocean ridge (MOR) system is a clear candidate
for triggering, with large volumes of partial melt stored in the crust
and upper mantle surrounding the ridge axis (16, 17). Oceanic crust
records the history of temporal variations in seafloor magmatism
continuously and at high resolution through geologic time (18). If a
transient change in MOR productivity was recorded as anomalous
oceanic crust, then the fact that spreading centers are distributed over
thousands of kilometers enhances the possibility that even small global
perturbations are observable.

We present evidence for a transient change in MOR productivity at
K-Pg time. We first demonstrate a change in the global distribution of
free-air gravity anomalies above seafloor dated to within 1 million year
(My) of the Chicxulub impact, before discussing the characteristics of
the seafloor anomalies themselves. Satellite-derived global free-air
gravity data (19) with a resolution of 1 arc min were high-pass—filtered
by subtracting a grid of gravity anomalies that has been averaged over
750 km with the boxcar filter in the GMT software package (20). We
attribute positive free-air gravity anomalies to locally elevated seafloor
topography and by inference crustal thickness anomalies, where an ex-
cess volume of melt was extracted from the mantle. We then construct
probability density functions (PDFs; defined by a normalized histo-
gram) for the short-wavelength gravity anomalies for seafloor in 1-My
age bins up to 100 Ma (I8, 21). A bin size of 1 My was chosen because
this is the typical uncertainty on the age of the seafloor at a global scale.
Errors can be larger than 1 My, where the magnetic anomalies are
complex, such as near paleoridge-axis discontinuities [see section S1
and the study of Miiller et al. (18)]. For seafloor older than approxi-
mately 20 Ma, the mean errors in the Indian and Pacific oceans are
similar to each other.

RESULTS

PDFs for seafloor created at half-spreading rates above 35 mm/year
(18) are shown in Fig. 1A. Regions of the seafloor within twice the ra-
dius of known seamounts (22) were removed before binning. The area
under a section of a PDF gives the fraction of the seafloor with anom-
alies in that range. Anomalies are generally not normally distributed,
because multiple processes can modify oceanic crust during and after
its creation. The mean PDF has a kurtosis of 6, meaning that there are
significantly more outlying values than predicted for a Gaussian
distribution, and irregular but significant perturbations to the PDFs
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Fig. 1. The distribution of high-passed gravity and topographic anomalies by the age of the seafloor and their relationship to the timing of the Chicxulub
impact. (A) PDFs for high-passed gravity anomalies by the age of the seafloor. White box highlights K-Pg-aged seafloor. (B) The blue line shows probabilities for gravity
anomalies between 5 and 20 mgal (in percent). The black line shows the same data after subtracting the median in a 10-My wide moving window. (C and D) Same as

(A) and (B), but for high-passed global seafloor topography.

through time are observed (see section S2). These complex PDFs lead
us to analyze the probabilities of anomalies within different gravity
ranges.

Gravity anomalies between 5 and 20 mgal are significantly con-
centrated for seafloor created within 1 My after K-Pg time, with a
greater probability of occurrence globally than for any other time up
to 100 Ma (blue line in Fig. 1B). To isolate transient features, we subtract
the running median with a moving window length of 10 My. For a typ-
ical half-spreading rate of 50 mm/year, 10 My equals 500 km of the sea-
floor in the spreading direction. The transient increase in the probability
of 5- to 20-mgal anomalies on K-Pg-aged crust is 8% (black line in Fig.
1B); no other high-passfiltered global perturbation within the last 100
Ma is greater than 4%. Anomalies in the range of —10 to 0 mgal occur
less frequently at K-Pg by approximately the same amount, whereas
anomalies outside the range of —10 to 20 mgal do not occur at anom-
alous rates (see section S2). Nearly antisymmetric transient deviation
of negative and positive anomalies with small magnitudes at K-Pg
time indicates that perturbations occurred on what would otherwise
be normal seafloor, whereas the processes associated with higher-
magnitude anomalies, such as fracture zones, were not significantly per-
turbed at K-Pg time.

K-Pg-aged crust is also associated with an anomalous distribution of
seafloor topographic anomalies in the range of 0 to 200 m that coincide
with the gravity anomalies (Fig. 1, C and D). The topographic data (23)
were processed and binned in the same way as the gravity data. PDFs for
topography show more long-wavelength and less short-wavelength
variability with the age of the seafloor than for gravity. This could arise
from greater short-wavelength complexity in the seafloor topography
or greater short-wavelength noise associated with estimating bathym-
etry from gravity (see section S3) (24). Global ocean floor topography is
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derived from either ship board measurements or partially inferred
from gravity data, meaning that the topographic data are of variable
quality and not entirely independent from the gravity data for wave-
lengths between 15 and 160 km (24). Restricting the topographic data
to soundings alone results in approximately an order of magnitude less
data (25), which are insufficient for our analysis. Therefore, we use the
global data set.

Anomalous seafloor is not uniformly distributed among K-Pg-aged
crust. We do not observe an anomalous distribution of gravity anom-
alies for crust created at slow- and intermediate-spreading rates (see
section S5). This could be due to the preferential perturbation of faster
spreading ridges. Alternatively, the perturbed crust could be hidden
among the rough seafloor produced at half-spreading rates below
35 mm/year (25). K-Pg-aged seafloor created at faster-spreading rates
is concentrated in the modern Pacific and Indian oceans (Fig. 2A), with
higher maximum gravity anomalies observed in the Indian Ocean ver-
sus the Pacific Ocean (Fig. 2B). Neither the distribution of the per-
turbed seafloor nor the magnitude of the gravity anomalies appears
to be related to the location of the Chicxulub impact or its antipode
at K-Pg time (Fig. 2B).

In these faster segments, anomalies cluster in irregularly shaped
features that do not immediately stand out from the background rough-
ness of the seafloor at available resolution (25). However, when com-
pared to similar features before and after the impact (see section S3),
anomalies overlapping with K-Pg-aged crust are more areally exten-
sive, are more variable in area, and have larger volumes (Fig. 3A, left
scale). Despite the larger maximum gravity anomalies in the Indian
Ocean, a peak in the concentration of anomalies between 5 and 20 mgal
with a value of 8% at K-Pg is independently observed in both the
modern Pacific and Indian oceans (Fig. 4A), which confirms the global
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Fig. 2. Locations of anomalous seafloor at different points in time. (A) Present-day locations of seafloor created within 1 My after K-Pg. Seafloor created at half-spreading rates
above and below 35 mm/year are in colors and black, respectively. (B) Reconstruction with GPlates (49) of fast-spreading seafloor to locations at K-Pg time. Colors show the

maximum gravity anomaly within 2° of the location before reconstruction.

extent of this feature. The high amplitude feature is sharply demarcated
to a duration of 1 My in the global average and in the Indian Ocean and
extends over 3 My in the Pacific Ocean. Given the uncertainties in
seafloor age and potential for distributed lava flows or off-axis volcan-
ism (26) on older crust to broaden even brief events, we do not attempt
to localize these features further in time.

Features other than the peak near K-Pg are less certain. No transient
concentration of the gravity anomalies exceeds half the amplitude (8%)
of the K-Pg—aged peak (black line in Fig. 1B). The second largest peak
in Fig. 1B occurs at 37 to 38 Ma, within 1 to 2 My of the largest known
bolide impacts to occur within the last 100 My other than Chicxulub: the
Popigai and Chesapeake Bay events (27). The large-amplitude gravity
anomaly in the Indian Ocean at this time may be influenced by the
Kerguelen Plateau (28); however, there is a small peak in the Pacific
Ocean, so a global feature cannot be ruled out. Other peaks in the data
are not coherent between the two oceanic basins, and there is insuffi-
cient fast-spreading crust elsewhere for independent analysis. Finally,
there is no evidence for periodic signals in the curves of Fig. 1B because
their power spectra are essentially white.

DISCUSSION

The potential significance of transiently increased MOR productivity at
K-Pg time depends largely on the total volume of the excess magmatic
products. A lower bound comes from summing up the volumes of
anomalous crust with gravity anomalies above the noise floor (we im-
pose a threshold of >5 mgal) with elevation above the mean local sea
depth. The result is 2 x 10 to 3 x 10* km” larger anomaly volumes than
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Fig. 3. Morphology and context for the seafloor anomalies. (A) Distributions
of anomalies near K-Pg-aged crust derived from global seafloor gravity and topog-
raphy data from 60 to 70 Ma. Dashed and solid black lines (left axis) show the lognormal
mean area and variance of contiguous regions exhibiting gravity anomalies greater
than 5 mgal against the mean age in 1-My bins. Red line (right axis) shows the
corresponding total volume of these anomalies above the mean elevation of
surrounding seafloor. (B) Comparison of detrended gravity anomalies from Fig. 1B with
the mean half-spreading rate for crust created at half-spreading rates above 35 mm/year.

before or after K-Pg (Fig. 3A, red curve, right scale). Such an estimate
does not account for intrusions or lithospheric flexure and neglects the
potential for anomalies among the complex bathymetry created at
intermediate- and slow-spreading rates.
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Fig. 4. Comparison between oceanic gravity anomalies and other metrics of geologic change over the last 100 Ma. The vertical dashed line in all panels marks K-Pg.
(A) The probabilities of gravity anomalies between 5 and 20 mgal for all fast-spreading seafloor and for fast-spreading seafloor in the Pacific and Indian oceans are shown
by the black, blue, and orange lines, respectively. The median in a 10-My wide moving window has been subtracted from each curve. (B) Average half-spreading rates for
seafloor created at half-spreading rates above 35 mm/year for the globe, Pacific Ocean, and Indian Ocean are shown by the black, blue, and orange lines, respectively.
(C) Global sea level over the past 100 My (39) resampled to 1-My intervals. Values are relative to the present day.

A more refined total volume estimate comes from modeling the
magnitude and duration of the global gravity and topographic anomalies
averaged over all K-Pg-aged seafloor (Fig. 1). We assume that excess
magmatism is partitioned between the surface and the lower crust (sec-
tion S4), creating topography whose magnitude depends on the flexur-
al wavelength of the crust compared to the dimensions of applied loads,
as well as the relative densities of the oceanic crust and mantle. The
observed gravity and topography do not uniquely constrain the elastic
thickness or the partitioning of magma between the surface and the
subsurface (29). Although the transfer function between gravity and
topography depends upon the thickness of the elastic lithosphere,
the anomalies are generally small enough that they may be only par-
tially compensated, even with the low elastic thicknesses at MORs (sec-
tion S4). We can match the range of the observed gravity and
topographic anomalies with volumes (per ridge length) in the range
of ~3 to 65 km®/km. Larger values are generally associated with higher
intruded fractions. Scaling this over the ~60,000 km of MOR (30) pres-
ent at 66 Ma gives a total volume excess crust of ~2 x 10° to 6 x 10° km®.
This volume estimate assumes that eruptions are distributed across the
whole MOR system and not only the ridge segments where we con-
strain the anomalies in the Indian and Pacific oceans (Fig. 2). There are
insufficient data to directly constrain a scaling of enhanced magmatism
over the entire MOR system (Figs. 1 and 2), so the larger volume esti-
mates are an upper bound. The direct summation of excess volumes
(Fig. 3A) is a lower bound.

These observations are consistent with enhanced melt delivery to
the ridge due to rapid changes in mantle melt transport capacity after
the Chicxulub impact. Increasing the volume of melt transported to the
ridge could leave behind free-air gravity anomalies by thickening the
crust at the ridge axis and by increasing the pressure head driving lava
extrusion (31). The predicted time scales for post-impact permeability
increases and structural relaxation back to pre-impact values are likely
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shorter duration (10° to 10° years) (10, 32) than the 1- to 3-My seafloor
age band for which the anomaly is observed (Fig. 4A) and the estimated
period of accelerated Deccan eruptions (6). Therefore, this mechanism
requires either that seafloor ages are not sufficiently precise or that
anomalous magmatism obscures normal ocean floor stratigraphy.
For example, submarine lava flows are thicker and longer than their
subareal counterparts because of lower effective gravity and better in-
sulation (33). Sheet-like flow sequences (tens of kilometers long) in the
range of ~200 m thick are sufficient to reproduce the observed gravity
anomalies. Other possible origins of apparently acausal anomalies in-
clude ridge-axis discontinuities and off-axis volcanism, the latter of
which can be productive up to several hundred kilometers from the
ridge axis in the modern Pacific Ocean (26).

Melt fractions on the order of a few percent or less in the mantle are
required to explain our estimated volumes of excess crust (see section
$4). The volume of melt retained in the mantle beneath modern MORs
can be estimated from electrical and seismic models, although conver-
sions to melt fractions are uncertain. Estimates of melt fractions of 1 to
3% in a triangular region beneath the northern East Pacific Rise (16)
imply melt volumes of 40 to 120 km®/km. Estimates of 0.5% melt within
aregion extending 50 to 100 km from the Juan de Fuca Ridge (17) imply
melt volumes of 20 to 40 km*/km. On the basis of these estimates, our
lower bound on the amount of excess erupted material (3 km®/km) is
possible if approximately '/, of the in situ melt is released, whereas the
upper bound (65 km?/km) is possible if most or all of the available melt
is released. Thus, there is no need to appeal to enhanced MOR mantle
melting after the impact but only to the increased mobility of existing
partial melt.

Triggering of magmatism by the Chicxulub impact is better able to
explain these observations than alternative hypotheses. We disfavor
mantle plume activity alone as an explanation for the observations, be-
cause concentrated gravity anomalies exist in both the Indian and Pa-
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cific oceans (Fig. 4A). We consider changes in plate motions near K-Pg
time (34-36) as a plausible and alternative explanation for our obser-
vations. In particular, it is possible that large gravity anomalies in the
Indian Ocean are influenced by increased spreading rates attributed
to the mantle plume responsible for the Deccan Traps (35). However,
the duration of the gravity signature is impulsive compared to a long-
lived increase in spreading rates, and the change in spreading rates
begins 2 to 3 My before the impact when the peak anomaly is observed
(Figs. 3B and 4B). Moreover, the anomalous gravity signature is global,
whereas the change in spreading rates in the Pacific Ocean at K-Pg time
(Fig. 4B) is small and of the opposite sign as the change in the Indian
Ocean. We also note that other large changes in spreading rate do not
correlate with gravity anomalies. Finally, a global reduction in sea
level near K-Pg may have occurred (37), which could induce pressure-
release melting, as has been proposed to explain topographic variabil-
ity on the seafloor (38). However, estimated changes in sea level (Fig. 4C)
at K-Pg are not anomalous in a Cenozoic context (39). Sea level, in gen-
eral, does not correlate well with the global gravity time series. The cor-
relation coefficient with the distribution of gravity anomalies (blue line
in Fig. 1B) and sea levels up to 100 Ma is only 0.13.

If eruptions at oceanic ridges were enhanced by the Chicxulub
impact, then it is more plausible that the Deccan Traps were enhanced
as well. The largest-scale seismic triggering of magmatism known
would then be a global magmatic episode at the end of the Cretaceous
period. The marine magmatic episode may be more akin to oceanic
plateau volcanism than normal MOR activity because of the large vol-
ume and short duration. The results presented here, along with previ-
ous works on the Deccan Traps (6, 10), motivate a sequence of events at
K-Pg time, where the Chicxulub impact is followed by triggered erup-
tions of the Deccan Traps and the global MOR system. A diverse array
of volcanic and hydrologic systems responds to seismic stresses (12, 13),
so impulsive impact-induced activity at K-Pg time may not have been
limited to MORs and the Deccan Traps.

Currently available data are insufficient to tightly constrain the scale
of the marine eruptions or their impact on marine environments, but
our modeling suggests significant volumes comparable to the total vol-
ume of the Deccan Traps (10). Better volume estimates, particularly
constraints at slower-spreading rates, may be possible with more high-
resolution topographic data. But even for fast-spreading environments,
our analysis could underestimate the scale of MOR activity at K-Pg
time. Free-air gravity anomalies are unlikely to reveal variations in
crustal thickness created in the wake of second-order discontinuities
at the paleoridge axis (40), and magmatic intrusions have a weaker
free-air gravity signature than surface loads. Both large-scale sub-
marine lava flows (41) and intrusions (42, 43) could increase hydro-
thermal activity, so the cumulative environmental impact of these
magmatic events may have been significant.

We hypothesize that a pulse of global marine volcanism played an
important role in the environmental crises at the end of the Cretaceous.
MOR volcanism can perturb the oceanic environment directly through
magmatism by extruding large volumes of basalt and releasing volcanic
gases (41) or through enhanced hydrothermal venting driven by mag-
matic intrusion. A negative 5'°C shift of similar magnitude in both ter-
restrial and marine environments is observed at K-Pg time, but isotopic
values recovered to pre-K-Pg values on a time scale shorter by several
orders of magnitude on land than in the sea (4). Both the magnitude
and duration of the 8"C signal are difficult to attribute to biological
processes alone (44). Light 5"°C values, due to the production of meth-
ane, have been recorded in hydrothermal plumes at active MOR vents
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(45), and so marine volcanism may have played an enhanced role in the
K-Pg carbon cycle. Similarly, fresh basalts and hydrothermal fluids are
a primary source of light 5’Li isotopes in seawater, which underwent a
rapid and negative shift (~5%o over ~500 thousand years) at K-Pg time
(46). Marine volcanism also provides a potential source of oceanic acid-
ification, which is suggested by the fossil record but cannot be explained
by currently known sources of acidification (47).

MATERIALS AND METHODS

The materials used in this study were publicly available data sets for the
age of the oceanic crust, marine gravity anomalies, and global topogra-
phy. These data sets were available as described in the Acknowledg-
ments section, and any subsequent processing of these data sets was
described in the main text and in the Supplementary Materials. To
make estimates of the excess volumes erupted at K-Pg time, we used
global topographic and gravity anomalies at K-Pg time to constrain
one-dimensional models for enhanced crustal production at MORs,
accounting for the flexural response of anomalous loading from a com-
bination of intrusions and excess surface lava extrusion. We implement
the Fourier domain technique of Forsyth et al. (26) and Ali et al. (48), as
described in section S4. This procedure constrains the ratio of intruded
to extruded loads, assumed to be spatially in phase, that explain the
range of the observed gravity and topography anomalies. We show that
these anomalies are most sensitive to the ratio of loads at the base ver-
sus at the top of the crust (that is, the ratio of magmatic intrusion to
extrusion) with a Monte Carlo search that also samples crustal density,
the thickness of the elastic lithosphere, and anomaly geometry param-
eters (see section S4).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/2/eaa02994/DC1

section S1. Uncertainties of and modifications to the ages of the seafloor

section S2. Probability distribution functions for all and K-Pg-aged crust

section S3. Examples of anomalous seafloor created at K-Pg time with volume and area
estimates

section S4. Modeling of gravity anomalies

section S5. Probability distribution functions for crust created at slow- and intermediate-
spreading rates

fig. S1. Mean error of the seafloor from the study of Mdller et al. (18).

fig. S2. Comparison between the PDFs for gravity anomalies for all and K-Pg-aged crust.
fig. S3.Example gravity and topographic anomalies on K-Pg-aged crust.

fig. S4. Profiles of flexurally adjusted surface (top) and Moho (middle) topography, along with
free-air gravity anomaly (bottom), for a rectangular load at both top and bottom of an initially
6-km-thick plate.

fig. S5. Required and available volumes of basalt.

fig. S6. Compare Fig. 1 (A and B) of the main text.
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