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Geophysical imaging of the Yellowstone 
hydrothermal plumbing system

Carol A. Finn1 ✉, Paul A. Bedrosian1, W. Steven Holbrook2, Esben Auken3, Benjamin R. Bloss1  
& Jade Crosbie1

The nature of Yellowstone National Park’s plumbing system linking deep thermal fluids 
to its legendary thermal features is virtually unknown. The prevailing concepts of 
Yellowstone hydrology and chemistry are that fluids reside in reservoirs with unknown 
geometries, flow laterally from distal sources and emerge at the edges of lava flows1–4. 
Here we present a high-resolution synoptic view of pathways of the Yellowstone 
hydrothermal system derived from electrical resistivity and magnetic susceptibility 
models of airborne geophysical data5,6. Groundwater and thermal fluids containing 
appreciable total dissolved solids significantly reduce resistivities of porous volcanic 
rocks and are differentiated by their resistivity signatures7. Clay sequences mapped in 
thermal areas8,9 and boreholes10 typically form at depths of less than 1,000  metres over 
fault-controlled thermal fluid and/or gas conduits11–14. We show that most thermal 
features are located above high-flux conduits along buried faults capped with clay that 
has low resistivity and low susceptibility. Shallow subhorizontal pathways feed 
groundwater into basins that mixes with thermal fluids from vertical conduits. These 
mixed fluids emerge at the surface, controlled by surficial permeability, and flow 
outwards along deeper brecciated layers. These outflows, continuing between the 
geyser basins, mix with local groundwater and thermal fluids to produce the observed 
geochemical signatures. Our high-fidelity images inform geochemical and 
groundwater models for hydrothermal systems worldwide.

The renowned hydrothermal system of Yellowstone National Park (YNP) 
results from shallow magma that supplies heat3,15,16 and faults, kept 
open by active seismicity17–19, that provide conduits for groundwater to 
circulate to deep, high-temperature regions and flow back to the surface 
as thermal fluids3,8,20. Three caldera-forming eruptions within the last 
2.1 Ma (ref. 8) have formed stacks of ash-flow tuffs and rhyolites on top of 
Tertiary volcanic rocks8 that provide a layered stratigraphy conducive 
to lateral fluid flow (Fig. 1). Current models for the YNP hydrothermal 
system are based on geochemistry and the spatial relation between 
thermal features and surface geology. Permeable breccias10,21 guide 
thermal fluid flow and localize thermal features at lava flow fronts1,2,22. 
Mixing of groundwater with steam and gas boiled out of deep alkaline 
waters creates acid-sulfate pools, fumaroles and mud pots1,3.

Resistivity and susceptibility models
To map the YNP regional plumbing system, we inverted airborne elec-
tromagnetic (AEM) data5 (Fig. 1) to generate one-dimensional (1D) 
electrical resistivity models to a maximum depth of 700 m (ref. 23; 
Methods). The broad (100 m) footprint of the AEM system limits the 
lateral resolution of the models. Depth resolution is a complex func-
tion of subsurface resistivity, system altitude and depth24; on average, 
the depth resolution is 10–20 m from the surface to a depth of around 
400 m and decreases with increasing depth. Conductive thermal 
features are mapped with higher resolution than resistive features.  

In addition, resolvable features must be larger than their depth. In most 
volcanic hydrothermal systems, characteristic sequences of hydro-
thermal clays overlie high-flux fluid or gas conduits such as faults and 
fractures13,14,25. These clay sequences often extend laterally for tens of 
kilometres and typically range from 200 to 1,500 m thick11,14. At YNP, 
these sequences are mapped in a few boreholes (Y-9 and Y-12)10,26 and at 
the base of the Grand Canyon of the Yellowstone9, and their contrasts 
in susceptibility with fresh volcanic rocks are the primary cause of the 
modelled low susceptibilities in YNP27–29. To map clays below the AEM 
depth resolution, we inverted YNP magnetic data6 using a non-linear 
susceptibility inversion within a three-dimensional (3D) volume con-
strained by magnetic properties and depth weighting30. The maximum 
horizontal gradient of reduced-to-the-pole magnetic data filtered 
into different depth components31 is used to identify deep fault fluid 
pathways (Methods).

Sections from the resistivity and magnetic susceptibility models 
provide the first views of fluid paths that compose the YNP regional 
plumbing system, and illustrate acid-sulfate (Figs. 1 and 2a, b, f (east 
side)) and neutral-chloride spring areas (Figs. 1 and 2c–e, f (west side)), 
and the thermal basins in faulted areas (Fig. 2a, b, f (east side)) and those 
between lava flows (Fig. 2c, d, f (west side)). On the basis of the magnetic 
and electrical properties12,27 and the modelling of AEM and magnetic 
data from other volcanic regions11,12,32,33, we differentiate unaltered 
and relatively dry rhyolite that is electrically resistive and magnetic 
(>450 Ω m and with susceptibility >0.025; note that susceptibility is 
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dimensionless) from wet fresh rhyolite that is less resistive and still 
magnetic (approximately 15–450 Ω m and with susceptibility >0.025); 
we also identify substantial hydrothermal clay volumes from resistivi-
ties of less than approximately 15 Ω m and susceptibilities of less than 
approximately 33% of the fresh values12 (here less than approximately 
0.018). Water saturation and alteration are the primary factors in low-
ering resistivity, with the former controlled by lithology (for example, 
rhyolite flows and tuff versus breccia)34 (Extended Data Fig. 1) and the 
latter by the degree and type of alteration. Although temperature low-
ers resistivity in the laboratory35, in Yellowtone34 and other volcanic 
hydrothermal basins33 resistivity and temperature do not directly cor-
relate (Methods).

The Norris Geyser Basin (NGB) lies in a fault-bounded block of Lava 
Creek Tuff (LCT A and B)8 with resistivities ranging from approxi-
mately 7–150 Ω m; the higher values form discrete units separated 
by near vertical breaks probably corresponding to fracture net-
works along which fluids flow36 (for example, Fig. 2a, red arrows). 
Resistivities of less than approximately 30 Ω m and low-to-moderate 
measured and modelled magnetic susceptibilities27 indicate variable 

hydrothermal alteration of LCT, mostly along fractures. Modelled 
low susceptibilities are interpreted to represent the continuation 
of clays mapped in boreholes (for example, Y-12, Fig. 2a) below the 
NGB27. The LCT A–B boundary at Y-12 discharges hot water10 (Fig. 2a, 
blue dashed line above LCT labels) and at Y-5 (Fig. 1) has high values 
of porosity and permeability21. Significant fluids flow at 5–7.6 l s–1 
with conductivities of approximately 1,050 µS cm–1 (ref. 26), typical 
of thermal springs37 in the boundary at B205 (ref. 26; Fig. 1). The resis-
tivity of the A–B boundary at the location of Y-12 is approximately 
30 Ω m (ref. 34) and it increases away from the basin to moderate values 
of approximately 150–250 Ω m where the boundary is approximately 
60 m thick (Fig. 2a). Evidence that these moderate resistivities reflect 
groundwater includes similar resistivities in thin (approximately 10 m) 
layers, for which the intersections with the surface coincide with cold 
springs20 (Fig. 2a). Also, given Archie’s Law7 with measured porosities 
for the LCT A–B boundary21 and typical groundwater conductivities37, 
the expected resistivities correspond to the observed 150–250 Ω m 
range (Extended Data Fig. 1). At the base of LCT A, the approximately 
5–50 Ω m resistivity layers indicate the presence of thermal fluids, but 
not significant alteration, as the susceptibilities remain high (Fig. 2a 
and Extended Data Fig. 1).

The NGB provides a model for the interaction of thermal fluids and 
groundwater throughout YNP. As thermal fluids (Fig. 2a, red lines) 
approach the edges of the NGB, they mix with groundwater (Fig. 2a, 
blue dashed lines) to form warm springs38. On both sides of the NGB, 
the LCT A–B boundaries intersect the basin in the subsurface, probably 
providing the groundwater input required by geochemical data to mix 
with thermal fluids rising along deep faults (Fig. 2a, brown lines) and 
shallow fractures in the centre of the basin. These mixed fluids flow out 
and down from the basin into a permeable zone at the base of LCT A, 
forming outflows (Fig. 2a, black dashed lines). Because the topographic 
gradient at the base of LCT A dips towards the NGB, outflow directions 
are difficult to determine (Fig. 2a). Small-scale fractures near the surface 
localize the hot springs36 but are unresolved by our models.

Faults and fissures localize thermal features in the northern part of 
Yellowstone Lake, which has high heat flow2,28 (Figs. 1 and 2b). Very low 
resistivities (<3 Ω m) in approximately 100-m-thick undulating layers 
(Fig. 2b) reflect pervasively altered28 water-saturated clays within ther-
mal fluid pathways. The flow of hot fluids along mapped faults localizes 
low-susceptibility clay sequences (Fig. 2b). A significant magnetic and 
heat-flow boundary, interpreted to represent a major structure28 asso-
ciated with fluid-generated earthquake swarms17 (Fig. 2b, blue stars) 
corresponds to the western clay sequence.

The Lower Geyser Basin (LGB) and Upper Geyser Basin (UGB) (Figs. 1 
and Fig. 2c, d) are bounded by resistive surficial rhyolite flows. In the 
LGB, low resistivities reflect intensely altered water saturated clays in 
the Elephant Back Flow (EBF, Y-2, Fig. 2c)10,34, in contrast to more resis-
tive and segmented layers associated with an older rhyolite flow to the 
west (unknown central plateau rhyolite flow, Y-3, Fig. 2c). A magnetic 
boundary (Fig. 2c) may represent a fault fluid conduit. In the UGB, the 
buried, altered Biscuit Basin Flow (BBF, Y-1, C-1, Fig. 2d)10 has resistivities 
ranging from 3 to 50 Ω m (ref. 34). Breaks in resistivity in the BBF (Fig. 2d) 
represent thermal fluid pathways. Low susceptibilities characterize 
the basin in much of the upper approximately 750 m, reflecting clays 
(Fig. 2c) as indicated in boreholes10.

Shallow (less than around 130 m), thin (approximately 50 m), moder-
ately resistive layers reflect groundwater in porous contacts between 
rhyolite lava flows (Extended Data Fig. 1) that drain into the LGB and 
UGB (Fig. 2c, d, blue lines) similar to the NGB (Fig. 2a). In some cases, 
resistivities decrease (to around 30–60 Ω m) beneath the edges of 
the lava flows, probably due to mixing of groundwater with thermal 
fluids (Fig. 2c, d). Below these layers, to the east and west of the LGB 
and UGB, are approximately 40-m-thick layers with resistivities of 
10–30 Ω m, reflecting thermal fluid outflows (Fig. 2c, d) from the central 
conduits (Fig. 2c, d). Vertical resistivity discontinuities in buried flows 

Y-1

B205

Y-11

Y-5

Y-6

MLD

SCD

2a

2b

2c

2d

2f

2e

SJHS

WYF

SLF

DC

PPF

EBF

SGB

UGB

NGB

MV
LGB

LSGB

Y-9

Y-12

Y-3
Y-2

FHM

M
adison Plateau

SI

500000

111º 00′

44° 15′

44° 30′

44° 45′

La
tit

ud
e 

(°
 N

)

Longitude (° W)
110º 45′ 110º 30′ 110º 15′

525000 550000

4975000

4950000

4925000

4900000

Y boreholes

PBO boreholes

Precambrian to Palaeocene sedimentary
and metamorphic basement

Tertiary igneous rocks

Huckleberry Ridge Tuff

LCT A

LCT B

Post-caldera rhyolite

Quaternary tuffs and sur�cial deposits

Faults

Caldera boundary

Inner ring fracture

Acid geothermal areas

Neutral chloride geothermal areas

Other geothermal areas

UTM zone 12N (m)

U
TM

 z
on

e 
12

N
 (m

)

Fig. 1 | Grey-shade Digital Elevation Model overlain by a simplified geologic 
map of our study area in YNP. See YNP geologic map8. Black lines indicate 
cross sections shown in Fig. 2. Y (ref.10) and PBO (ref. 26) boreholes are indicated 
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West Yellowstone Flow (WYF).
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are observed beneath Firehole Meadows (FHM; Fig. 2d). Thermal fluids 
appear to flow from FHM to the UGB and under the West Yellowstone 
Flow (WYF). Low-susceptibility zones reflect inferred clay sequences 
near the proposed vent for the Mallard Lake Flow8 and beneath the 
Summit Lake Flow that coincides with a magnetic contact reflecting a 
fault (Fig. 2d). Their relation, if any, to thermal fluids is unclear owing 
to the lack of depth resolution in the resistivity models.

In two long transects (Fig. 1), the lowest resistivities occur beneath 
(1) the geyser basins within the caldera (Figs.  1 and 2e), (2) the 
acid-sulfate-altered Mud Volcano and Tuff of Sulphur Creek (Ponunpta 
Spring) along the edges of the Sour Creek Dome (Fig. 2f) and (3) Ter-
tiary volcanics (Fig. 2f). In general, thick (300–500 m) stacks of resis-
tive lava flows, some of which contain groundwater, are underlain by 
low-resistivity layers related to thermal fluid paths. These fluids flow in 
the subsurface between the geyser basins (Fig. 2e) and emerge at the 
surface in gaps between the youngest lava flows. The central caldera is 
characterized by resistive rhyolite flows with shallow subhorizontal inter-
faces of moderate resistivity indicating groundwater in lava flow bounda-
ries (Fig. 2e) but with little thermal fluid in the upper 700 m (Fig. 2f). 
Low-susceptibility clays occur below Smoke Jumper Hot Springs and 
the UGB but not beneath the central caldera nor Mud Volcano (Fig. 2f).

Yellowstone fluid pathways
On the basis of our cross sections and analogous with other geothermal 
areas13,39–41, upflow zones are characterized by resistivities of less than 
approximately 15 Ω m and the observed hydrothermal activity (Figs. 2 
and 3). These values can be slightly higher where clay alteration is not 

extensive (for example, the NGB, Figs. 2a and 3). Outflow zones are 
imaged as low-resistivity layers (approximately 15–30 Ω m) that are 
interpreted to contain thermal fluids that emanate from the upflow 
zones and negligible alteration (Fig. 2). To visualize the locations of the 
interpreted upflow and outflow zones, we extracted resistivities of less 
than 30 Ω m from the resistivity model (Fig. 3a). Where the fluid paths 
slope, we draw arrows to indicate potential flow directions. A section 
at a depth of 1,000 m from the susceptibility model clipped to less 
than 0.018 identifies the characteristic clay sequences interpreted to 
overlie the fault/fracture conduits for thermal fluids (Fig. 3b) (derived 
from mapping8 and magnetic data (Methods)).

The upflow zones contain vertical and lateral thermal fluid pathways, 
clay layers, moderate to high fluid conductivities37 and high tempera-
tures10. Fluids rise along faults beneath the clay sequences3,8,42 and 
spread laterally within basins and beneath adjacent lava flows as sub-
surface outflow zones (Figs. 2 and 3a). Geochemical models indicate 
that thermal fluids flow to the surface from reservoirs with tempera-
tures in the range of 180–270 °C at depths of 100–550 m3, where we 
image thermal fluids (Fig. 2). Outflow zones at depths of more than 
approximately 150 m often connect beneath mapped thermal areas. 
The lack of thermal fluids (Figs. 2f and 3a) and few clay sections in the 
central caldera (Fig. 3b) indicates that thermal fluids are absent or not 
ascending to the upper 1,000 m.

Shallow groundwater in lava flow boundaries enters most thermal 
areas, mixing with thermal fluids at the edges of basins in the subsur-
face. Geochemical models of the dilution of thermal fluids that feed 
surface features along the edges of some of the thermal basins supports 
our model of groundwater influx3,4,10,20,38 (Figs. 2 and 3a). At the scale of 
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our models, the thermal fluid pathways feeding neutral-chloride and 
acid-sulfate springs are similar, indicating that variations in spring 
chemistry are dominated by metre-scale structure and permeability 
variations beyond the resolution of our data .

Discrete low-susceptibility clay sequences ranging from 500 m to 
5,000 m in width are modelled along the caldera rim and inner ring 
fracture, the edges of domes, the vent locations and the mapped 
faults or those inferred from magnetic contacts (Fig. 3b). The few 
small low-susceptibility regions in the central caldera line up along 
possible connections with the regional faults north and south of the 
caldera and with vent alignments. Low-susceptibility regions dimin-
ish north of the NGB (Fig. 3c) despite extensive faulting and lava flow 
vents, probably due to lower temperatures10 that are insufficient to 
produce clay alteration. This relation of clay distribution, faults and 
thermal areas highlights the confluence of heat (magma), fractures/
faults and fluids required to generate Yellowstone thermal features 
(Fig. 3b). Some of the low-susceptibility zones may relate to buried or 
palaeo-hydrothermal systems (for example, the dormant43 Ponuntpa 
Spring, Fig. 2f), particularly those unassociated with modern thermal 
regions and far (>5 km) from the modern magma body (Figs. 2d and 3).

These high-resolution images reveal critical aspects of the Yellow-
stone hydrothermal system and can be used to assess geochemical 
models of the evolution of thermal fluids worldwide. Despite the infer-
ence of localization of thermal features by the lateral flow of thermal 
fluids into basins1,2, we show that underlying most features are layers cut 
by vertical breaks and deeper thick sequences of clays that, along with 
mapped and magnetically identified faults, indicate vertical conduits 
for thermal fluids at depth. Locally, fluids from conduits travel beneath 
lava flows as outflows along brecciated boundaries that generally do not 
emerge at the surface except perhaps in the UGB (for example, Hillside 
Springs, Fig. 2d) and south of the southern caldera boundary (Fig. 3a). 
Where outflows from one basin intersect with a different basin, they 
mix with local thermal fluid upflow and groundwater, which is reflected 
in the diverse chemistry observed. The widespread distribution of the 
thermal fluids over much of the survey area, and inferred outside the 
caldera19, indicates movement of these fluids away from various basins 
for long distances.
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Fig. 3 | Plan view from resistivity and susceptibility inversions. a, Lateral 
extent of resistivities of less than 30 Ω m highlighting upflow and outflow 
regions. Susceptibilities from the voxel model of less than 0.18 at a depth of 
1,000 m masked to eliminate sedimentary units. b, Mapped faults from 
geologic mapping8; faults delineated from seismic swarms (from Yellowstone 
Lake17; Hebgen Fault area (HF)19; and north west (NW) caldera boundary18); and 
inferred faults calculated from magnetic data (Methods). Labelled features 
include: Canyon Flow (CF); Fire Hole Meadows (FHM); Mallard Lake 
Dome (MLD); Mud Volcano (MV); Norris Geyser Basin (NGB) and Sour Creek 
Dome (SCD). Magma body locations from seismic tomography15 and inferred 
from geochemistry for the NGB area44.
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Methods

AEM and magnetic data
Airborne electromagnetic (AEM) and magnetic survey data were col-
lected along 4,212 line kilometres over YNP, Wyoming5 (Fig. 1). Data 
were acquired with the SkyTEM 312M time-domain helicopter-borne 
electromagnetic system. The survey was taken over several flight blocks 
with line spacing between 250 and 450 m and a series of regional recon-
naissance caldera lines with 5 km nominal line spacing. Sensor posi-
tion, altitude and attitude were all recorded; the mean instrument 
flight height was 48 m. Aeromagnetic data were flown over the entire 
park along east–west trending flight lines spaced 400 m apart, with 
north–south trending tie lines every 4 km at a mean flight elevation of 
approximately 245 m above ground in 1999 6. The magnetic data were 
sensitive to thousands of metres.

Resistivity processing and modelling
The AEM data were processed using the Aarhus Workbench software 
package (https://www.aarhusgeosoftware.dk/). Filters were applied 
to altimeter, inclinometer and spatial-positioning data to smooth 
raw data and remove sensor drop-outs. AEM data contaminated by 
coupling to known infrastructure (such as power lines, pipelines and 
buildings) were manually removed. Culled AEM data were averaged 
using an along-line trapezoidal filter of width from 30 to 180 m for early 
to late times, respectively, and soundings were exported with a 30 m 
interval. Late-time data with low signal-to-noise levels were removed 
through a combination of filters and manual culling.

Deterministic laterally constrained 1D inverse models of the pro-
cessed AEM data were generated using the AarhusInv inversion ker-
nel45. The effects of the residual primary field were modelled during 
the inversion to recover the near-surface resistivity structure46. 
For each sounding, data from 4.2 µs to 10.7 ms were inverted to 
determine a 30-layer smoothing-regularized inverse model start-
ing from the best-fitting half-space model. Models were param-
eterized with fixed-layer depths ranging from 5 to 700 m and with 
logarithmically increasing layer thickness (Extended Data Table 1). 
When data sensitivity was low, most commonly at depths in excess 
of 300 m, adjacent models were constrained to be similar by having 
lateral constraints on resistivity that scale with the inverse distance 
between soundings47. System altitude was treated as a free parameter 
but with a tight standard deviation centred about the measured 
altitude. Applying a wide range of inversion parameters (model 
discretization, start-model resistivity, lateral constraints and alti-
tude constraints) produced similar models, all of which contained 
the primary interpreted model features (Figs. 2 and 3). Differences 
between models were largely in the sharpness of the interfaces, the 
resistivity contrasts between layers and the model structures below 
a depth of 400 m. In addition, there were trade-offs between layer 
thickness and conductivity (equivalent conductivity-thickness prod-
uct), an inability to resolve thin resistive layers and limited sensitivity 
to resistivity at the high end of the spectrum (for example, 1,000 
versus 5,000 Ω m). The final inversion parameters (Extended Data 
Table 1) were selected as they best represented the physical charac-
teristics of the AEM system and minimized data misfit. A cumulative 
sensitivity-based depth of investigation (DOI) was calculated for 
each inverse model48 and this provided a relative measure of those 
parts of the model domain that were well constrained by the AEM 
data. The generalized DOI is indicated in Fig. 2 by the wavy black 
lines between the resistivity and susceptibility sections. The DOI 
had a mean value of approximately 450 m over the survey area, but 
ranged from approximately 125 m in highly conductive areas (for 
example, Yellowstone Lake) to more than 700 m over resistive areas 
(for example, the rhyolite flows over the central caldera). Lateral 
and vertical resolution was highly dependent on the conductivity 
of the subsurface49 but in broad terms the lateral resolution was 

of the order of one hundred metres near to the surface to several 
hundred meters at depth, with the vertical resolution ranging from 
approximately 10 m near the surface to values in excess of 50 m at a 
depth of 700 m. The higher the conductivity, the more focused the 
electromagnetic fields and the better the resolution.

Susceptibility modelling
To model the susceptibility, we applied a non-linear inversion based 
on the Fourier transform relationship between the susceptibility dis-
tribution within a 3D volume and its corresponding magnetic field30. 
This problem is non-unique, so constraints such as depth weight-
ing, positivity or a priori physical property models are applied to 
provide geologically reasonable solutions30. As we expect the larg-
est susceptibility contrasts between magnetic and hydrothermally 
altered volcanic rocks to arise in the upper approximately 1–2 km 
(ref. 8), the models were weighted to emphasize shallow contrasts. 
The topography bounded the top of the models and a flat surface at 
the approximate average Curie depth of around −5,000 m elevation50 
bounded the bottom. We tried several values for the bottoms to the 
models between 0 m elevation (the probable thinnest reasonable 
model given our estimate of the combined approximately 2,500 m 
thickness of the magnetic Tertiary and Cenozoic volcanic rocks8) 
and −10,000 m elevation, which is the deepest estimate of the Curie 
depth50. All models show similar distributions of high and low sus-
ceptibility for the depths over which they overlap. Comparison of a 
variety of models with different base elevations and cell sizes indicates 
consistency above 0 m elevation. We trimmed our model with a base 
elevation of −5,000 m to 0 m elevation, to focus on the most reli-
able portions of the model (Fig. 2). Magnetic susceptibilities and the 
thickness of lava flows vary widely and are poorly constrained by our 
models. The upper 250–500 m of the magnetic susceptibility model 
is quite variable and unreliable, which is probably related to the fact 
that we approximated the top surface with voxel blocks instead of 
having a smoothly varying topographic surface (Fig. 2). Therefore, 
we use the resistivity model at the top of the cross sections and the 
susceptibility model beneath (Fig. 2).

We assumed that the rocks are magnetized in the present Earth field 
direction with an inclination of 70o and a declination of 14o, which is a 
reasonable assumption for the LCT and younger rhyolites that are the 
focus of this study27,29. As the remanent and induced field directions are 
similar for the primary regions of interest, susceptibilities were used in 
the models rather than magnetization for ease of computation. Multiply-
ing the measured susceptibility values by the typical range of the Koenigs-
berger ratios (2–24) for YNP volcanic rocks27,29 and averaging yields a 
value of approximately 0.025, which we used as a starting value in the  
inversion. The final models contained individual voxel elements that 
display 3D physical property volumes of magnetic susceptibility. We 
used several voxel dimensions. For the entire park, the voxel size was 
250 × 250 × 250 m3 (Figs. 2e, f and Fig. 3). For local areas, we cut down 
the size of the area and reduced the voxel dimensions to 80 × 80 × 80  m3 
(Figs. 2a–d) to capture more detail. The susceptibilities in the voxel mod-
els ranged from 0.0002 to –0.11. The resulting root-mean-square error 
was less than 1 nT for all models. Due to uncertainties in thickness and 
susceptibility, the vertical resolution is poor.

To highlight shallow (the upper approximately 1–2 km) regions of 
hydrothermal clays in the map view for the entire park (Fig. 3), we iso-
lated regions that had significantly lower susceptibilities than the adja-
cent rocks (generally less than 33% of the mean value of approximately 
0.057) because we did not expect a rock mass to be completely altered 
at zero susceptibility and models and measurements on cores indicate 
that a reduction of 33% or more identifies alteration32. We masked out 
regions associated with magnetite-poor sedimentary units outside of 
the caldera. We show these isolated susceptibilities at 1,000 m depth, 
which is the approximate depth limit of hydrothermal clay assemblages 
seen elsewhere13,14 (Fig. 3).

https://www.aarhusgeosoftware.dk/


Magnetic contact determinations
To map magnetic contacts that image faults at varying depths, we used 
several methods. First, we separated the aeromagnetic data into sev-
eral depth components, based on the match of the anomaly widths 
to anomalies produced by layers of hypothetical magnetic sources 
at different depths31. The data were separated into three components 
with the middle layer at a depth of approximately 1,000–5,000 m used 
in the magnetic contact calculations to identify potential deep con-
duits for fluids. Faults and fractures commonly produce linear crests 
in the horizontal gradients of the aeromagnetic data, so the next step 
was to apply a maximum horizontal gradient function to the filtered 
aeromagnetic data layers, which resulted in peaks over the contacts51.  
We digitized the major linear contacts likely to represent faults, elimi-
nating the lava flow boundaries (Fig. 3).

Using Archie’s Law to differentiate groundwater from thermal 
fluids
Deriving hydrogeologic information from electrical resistivity is 
non-trivial as resistivity in fresh volcanic rocks is controlled by gen-
erally poorly constrained parameters of lithology, porosity (or water 
content) and water quality that is reflected in the conductivity data. 
In addition to the observations discussed in the Article, we also inter-
pret the resistivity models (Figs. 2 and 3a) based on Archie’s Law for 
fully saturated rocks in the absence of clay (that is, fresh volcanic 
rocks)7 (bulk resistivity = fluid resistivity × porosity−cementation factor) with 
a cementation constant (reflecting the lithology) of 2.4, which is typi-
cal for fresh volcanic rocks52 (Extended Data Fig. 1). These relations 
do not apply in the hydrothermally altered basins because of the high 
clay content. Given the high precipitation and borehole evidence10,26 
for water at depth, an assumption of complete water saturation is 
reasonable. Porosities are derived from borehole measurements in 
representative rock types for YNP21,53,54 and water quality (conductiv-
ity) is based on surface37 and borehole26 measurements (Extended 
Data Fig. 1). For example, the observed bulk resistivities in our models 
of the LCT outside of the NGB (Figs. 2a and 3a) and comparison of 
the measured porosities of the LCT21 with fluid conductivities typi-
cal for groundwater26,37 show that the shallow, moderate resistivity 
(150–300 Ω m) layer in LCT B and the LCT A–B boundary (Fig. 2a) can 
relate to conductivities of less than 200 µS cm–1 with porosities of 
more than 0.25 and conductivities of thermal water if porosities are 
less than 0.25. Because the porosities in the LCT A–B boundary are in 
weakly welded LCT (porosity = 0.4 (ref. 21), Extended Data Fig. 1) and 
clay is not extensive27, groundwater is the likely source of the observed 
resistivities. At the base of LCT A, where the resistivities range from 
5 to 50 Ω m, water with conductivities that exceed 800 µS cm–1  
(a thermal fluid signature) is required to match the modelled bulk resis-
tivities (Extended Data Fig. 1). These relations do not hold if there is 
significant clay; however, this is unlikely given the high susceptibilities  
and resistivities of more than 30 Ω m.

For the measured porosities in brecciated rhyolites and pumiceous 
tuff observed in Y-2 (ref. 53) and Y-3 (ref. 54) (Figs. 1, 2e and Extended Data 
Fig. 1), which we assume are similar to those outside of the geyser basins, 
the modelled 150–300 Ω m resistivity layers in the WYF and EBF relate 
to groundwater (Fig. 2e and Extended Data Fig. 1) as in the NGB (Fig. 2a). 
Along with other constraints, we use these rationales to differentiate 
groundwater from thermal fluids, recognizing significant variabil-
ity in the porosities and conductivities. Although variations in fluid 
conductivity and lithology can fully explain the differences in model 
resistivity, temperature can also have an effect, potentially decreasing 
the resistivity by factors of 6–10 in the 30–250 °C temperature range35. 

For example, if the increase in resistivity from about 25 to 250 Ω m for 
the thermal fluid flowing outwards from Smoke Jumper Hot Springs 
(Fig. 2f, black dashed lines) were solely due to decreasing temperature 
away from the vent, an approximately 150 °C decrease in temperature 
based on laboratory studies is estimated35. However, measured fluid 
conductivities from the thermal fluids in Smoke Jumper Hot Springs 
can exceed 1,000 µS cm–1, and that of the groundwater is less than 
200 µS cm–1 (ref. 37), so the increase in resistivity away from the vent 
can be wholly explained by decreases in fluid conductivity (Extended 
Data Fig. 1), rendering the temperature estimate a maximum. In addi-
tion, alteration sequences reflect their formation temperatures13,14,53,54 
and are associated with characteristic resistivites11,40 regardless of the 
current temperature regime. For example, the resistivities beneath 
the active and hot Mud Volcano are similar to those of the dormant 
Ponuntpa Spring (Fig. 2f), indicating that temperature is a negligible 
resistivity effect relative to the other factors discussed here.

Data availability
The electromagnetic data5 and models23 and magnetic6 data are freely 
available.
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Extended Data Fig. 1 | Graph of bulk resistivity depending on porosity21,53–55 
and fluid conductivity26,37. The stars represent the maximums of measured 
porosity values21,53–55, the highest values of fluid conductivities of groundwater 

and typical values for thermal fluids. The colors indicate the bulk resistivity 
values expected in our models (Figs. 2 and 3a) for given porosities and 
conductivities.



Extended Data Table 1 | AEM inversion parameters
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