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In the following we detail how we have addressed each of the comments and sugges-
tions from Billy Andrews. In addition, some edits were made to the manuscript pdf file,
and these have been incorporated into the revised manuscript, but are not detailed
below.

In summary, we greatly appreciate the thorough and constructive reviews that were
provided on our manuscript. We have addressed all of the major comments and the
vast majority of the line-by-line comments and suggestions.
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Major comments MC1: Lack of structural data and the field context of the samples. A
large omission from the manuscript is structural data from the different field sites and
the structural relationship of the described features. This makes it difficult to place the
geochemical analysis into a field setting. Wide-angle field photographs, and the inclu-
sion of some of the field photographs in the supplementary information would greatly
aid in this. I was surprised no fault or vein data was presented, either in the supple-
mentary information or as a stereographic projection associated with the geological
history of the fault. Your geochemical analysis is fantastic, but you quickly lose context
without linking this to the observed structural relationships. You highlight, and I strongly
agree, that the structural diagenesis, and in particular field relations and timing of these
events is fundamental to the geochemical analysis. It is clear from your supplementary
information, methodology section, and in part the results that this has been considered
during fieldwork, However, when reading the manuscript I was often left to read be-
tween the lines, or search out images in the supplementary information, to work out
what this looks like. Please consider further elaborating on the structural relationships
and moving some field photographs from the supplementary information into the main
text so the reader has context to the geochemical analysis.

Author Response: We agree that the omission of details associated with the struc-
tural data detracts from the interpretation of the geochemical results. To rectify this,
the following changes have been made. A new supplemental figure (map) has been
added that includes stereonets from all the field sites. The stereonet data is color-
coded to show the different vein sets and measured fractures. In total these stereonets
include 477 orientation measurements. We have also moved more descriptions from
the supplemental information into the main text, including the addition of a new figure
that includes images to provide context for the geochemical data, as suggested by the
reviewer.

MC2: Confusing age relationships & unclear fracture attributes (Section 4.1). I found
the vein and fracture data presented in section 4.1 rather confusing, something that
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was not aided by the already highlighted points in MC1. You make reference to frac-
ture density on line 257, however, I found it very unclear how you calculated this and
whether it referred to P10 that is most often referred to as fracture intensity (f/m), or
P20 that is more often referred to as fracture density. If this data was collected using
scanline methods, what was the length/radius/area of the scanlines as this can have
a very large impact on the reported values. If not how was the reported ‘densities’
calculated? This will be compounded by the fact you appear to have several fracture
corridors, as suggested in line 226 where P10 will locally drastically increase.

Author Response: We measured the fracture intensity (f/m) and incorrectly called this
fracture density. The text is changed to make this clear. Also, we used a linear scan-
line method, using a tape measure oriented approximately orthogonal to the main fault
trace. For the footwall outcrops observed along the Hurricane fault, this worked well
as most observed fractures are intersected this way. We recognize that there can be
bias using this simple method, but for the field sites visited this was the most efficient
method. The length of the scanlines was variable and based on the available expo-
sures. Drainages and canyons that cut the fault and run approximately orthogonal to
the fault were the focus of the data collection due to the best exposures. Some canyons
are relatively long (> 1 km), allowing the transect to traverse the damage zone com-
pletely. Other small drainages only penetrate part of the damage zone. Yes, as you
point out there are some fracture corridors in the damage zone that have greater frac-
ture intensity. We have updated the text to make it clear how the data was collected.
Specifically, details of the methods were added to section 3.1, and section 4.1 and the
supplement were updated with the correct terminology.

Regarding the reported ‘orientation sets’ I have some the following specific questions:

1, How do the orientation sets relate to the age sets? i.e. are there systematic cross
cutting relationships or are both orientations reactivated throughout the 4 stages de-
rived from the geochemistry?
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Author Response:

In a very general sense, there seems to be systematic cross-cutting relationships along
the fault. However, we downplay this in the paper given the limited geochronological
data set. Locally, where we have U-Th data, the cross-cutting relationships hold up
(e.g., Fig 5). Using the geochemistry and geochronology, to a first order it appears that
veins associated with the lower salinity fluids with a strong meteoric water affinity are
older (including the 280 – 540 ka veins), compared to the saltier fluids characterized
in the 86 – 113 ka veins (Fig. S7). In order to really flesh this out and present a more
comprehensive paragenetic history linked to vein set, significantly more geochronolog-
ical work is necessary. Jace Koger’s MSc thesis, which is the foundation of this paper,
takes a general crack at the paragenetic history based on field and microscopic rela-
tionships, but we prefer to hold this back until more U-Th work is completed to anchor
the observations.

2. Where has the strike and dip data been derived from and why is strike so clustered
when the fault trace at a map scale is so variable? Does the presented data represent
the mean of a larger sample set and if so how many datapoints were collected? This
would provide confidence that the heterogeneity of the system had been captured.
Additionally, I don’t understand how a dip can be 90 + 20 as the maximum dip is 90.
I would like to see this data presented in the manuscript, potentially in stereonet form
associated with the map?

Author Response: The fault trace shown on the figures is from the Utah and Arizona
Geological Survey’s, available as ArcGIS layers on their websites. These databases
are based on geological mapping at a variety of scales. Exposures of the main trace
of the Hurricane Fault are not common and usually covered with colluvium. The frac-
ture’s that we measured are found close to the trace of the fault and are in general
consistent with the map pattern, with some exceptions and variability. To depict this,
a new figure (S3) is provided in the supplement that presents stereonets for each field
station. This should help show how the facture patterns and fault orientation are gen-
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erally similar. Yes, 90 +/- 20 does not make any sense! This has been changed to 70 –
90 degrees. 3) I understand the more detailed field relationships were included in the
supplementary information due to the focus of the paper, however, only the keenest
readers will delve into this and you risk the context being lost to the majority of your
readership. I suggest adding a paragraph to the main text that briefly summarises the
supplementary information.

Author Response: We have added additional details to the main text (section 4.1) that
includes important contextual details from the supplemental material. Additionally, a
new figure is included in this section. Line by line comments

Throughout the text: Please can you be consistent with the capitalisation and name of
the fault. Within this paragraph is it referred to as “Hurricane fault-zone”, “Hurricane
Fault”, and “Hurricane fault zone”. Due to the segmentation I would suggest fault-zone
is most appropriate.

Author Response: We agree that different notation is used and that this is distracting.
Looking at the various Utah and Arizona Geological Survey reports on the fault, as
well as the published literature (e.g., Stewart and Taylor, 1996), it appears that the
most consistent usage is “Hurricane fault”. We agree that fault zone is more accurate
in most locations. We have altered the text as appropriate. L8: I’ve always preferred
‘fault-fluid’ as the deformation is required to localise the fluid flow, with fluid impacting
later deformation. Author Response: Changed to fault-fluid throughout manuscript,
including the title. L16: How are these differentiated as there errors overlap? Author
Response: Here in the abstract we are just reported the five dates and their 2 sigma
errors. Later in the paper we make the argument that these are the same fluid flow
event. L17: All the data is taken from the FW, if possible in the word limit I would be
explicit in this sentence. Author Response: We added this information L31: I fully agree
but It may be worth citing a few of the seminal texts, or particular pertinent texts to this
study, here to direct interest readers. Author Response: We indicate that these will be
highlighted in the next section L32-62: This paragraph provides an important regional
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context that is also really important for introducing the concepts developed in the MS. I
would however suggest that you split the paragraph into two- either one for each case
study or a paragraph to highlight the value of studying fault- systems with ongoing
fluid flow due to the tight age restraints and well defined structural evolution. Author
Response: Excellent suggestion, and we have divided the section into paragraphs

L35: With the basin-bounding nature of the Hurricane-fault I think it would be worth
directing readers to work such as Johnathan Caine’s work on the Dixie fault (cited
in this MS) and some of the work coming out of Bergen from NW Greenland (e.g.
the Pre-print in this SI -> Salomon, E., Rotevatn, A., Kristensen, T. B., Grundvåg, S.-
A., Henstra, G. A., Meckler, A. N., Gerdes, A., and Albert, R.: Fault- controlled fluid
circulation and diagenesis along basin bounding fault systems in rifts – insights from
the East Greenland rift system, Solid Earth Discuss., https://doi.org/10.5194/se-2020-
72, in review, 2020. And references therein

Author Response: These and other references have been added

L66: This sentence is incomplete/an amalgamate of two different sentences? Author
Response: Yes, this was a broken sentence and has been corrected.

L66-67: please include the lithologies and what is exposed in the HW and FW of the
fault.

Author Response: This was added.

L67: please be specific here, particularly for reader who are not familiar with the geol-
ogy of W. USA

Author Response: See prior response L75-78: This reads more like and abstract and
could be removed from the introduction. Instead I suggest that you signpost the specific
research gap you hope to fill. Maybe something like “Our data enables us to constrain
the source and ∼540 ky evolution of fluid flow and fault-fluid interactions within the
footwall of the Hurricane Fault-zone.” Author Response: Thank you for the suggested
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sentence. We have changed the last part of this paragraph.

L146: How was the degree of representation assessed? I struggled a little with under-
standing the outcrops from the main text alone and feel the main text sorely misses the
context of field photographs, of which there are some very nice ones in the supplemen-
tary information. I strongly suggest that some of these are moved into the main text,
and potentially one or two wider angle photographs included to help with contextualis-
ing the presented data. With only 6 figures and nice short nature of the MS I see no
issue with adding another Figure.

Author Response: The degree of representation is subjective, based on the evidence
of fault-fluid interaction at each field station. This study is the first of its kind along the
Hurricane fault, so the goal was to cover as much ground as possible. We could not for
example use any statistical approaches for collecting the samples. We have added a
figure (new figure 3) to the main text in section 4.1 as suggested to show some of the
representative field relationships and outcrop styles.

L215: Also structural diagenesis after Laubach et al., 2010

Author Response: Yes, this is a good suggestion. Citation added

L218: best preserved or do you think it was localised within these competent litholo-
gies? i.e. did diagenetic mechanical stratigraphy play a role in the fluid flow evolution of
the fault zone? Author Response: That is a great question. In some cases it is preser-
vation because the fracturing is evident in the siltstones and shales, but these tend to
be poorly exposed. In other cases the fracturing is apparent in all lithologies, but the
calcite veining is only present in the sandstone or limestone units, so in this case in
could be related to mechanical stratigraphy and/or permeability contrasts. L217: How
is damage zone and fault core constrained? I know this is not the main crucks of the
paper, however, the distance that samples were taken from the fault core could impact
the extracted data and overall interpretations (probably only minor in this case looking
at the presented data). For reference on considering the thickness of fault zone and
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the bias can i suggest Shipton et al., 2019 doi: https://doi.org/10.1144/SP496-2018-
161 Author Response: These are defined using the criteria in Caine et al., 2010. At
most field sites, samples were collected fairly close to the main trace of the fault. Only
in a few canyons that cut deeper into the footwall could the full damage zone thickness
be walked and sampled. In these cases, clear evidence for fracturing and fluid flow
were still closest to the fault trace (∼100 m), but similarly oriented fractures and veins
were observed up to 400 m from the fault trace. Some clarify text was added to the
paper.

L245: What about structural relationship? L246: Is there any visually difference be-
tween the sets? The geochemistry story is really well presented in this MS, however,
I am struggling to link this in with the observed structural relationships. Author Re-
sponse: In response to both the above comments. There does not appear to be any
consistent relationship between the structural data and vein type. This is consistent
with our later interpretation that fluids are periodically moving along the fault zone. Also,
over the history of the Hurricane fault, the regional stress field has been the same, so
we probably should not expect distinctly different orientations associated with the his-
tory of vein formation. L256-257: What about uncertainty due to fluid degassing? Au-
thor Response: Later we discount degassing as a major process. However, degassing
of the fluid (CO2) should not significantly alter the salinity from NaCl or other dissolved
salts, so its impact on the melting T would be secondary. L261: What does aperture
refer to, short axis? You mention long axis in the previous sentence, how elongate
are the fluid inclusions? Author Response: This has been corrected. We meant long
axis. L265: This depends on inclusion size, but in general i agree Author Response:
We have updated this section to discuss the impact of inclusion size on nucleation of a
bubble and homogenization temperature. L279: Do you have a field photograph of this
you could add to the supplementary or main text? Author Response: Unfortunately,
this information is only in the field notes.

L317: this is fairly low for saline fluids, could they be saline influenced meteoric fluids?
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Author Response: We have added to this discussion about the saline fluids and their
possible origin. In short, this is on the low side for basin brines. Certainly, meteoric
water mixing with a brine can result in the observed salinities, as well as meteoric
water-rock interaction along flow paths through marine units that include some evapor-
ites.

L323: How appropriate is this for a terrane bounding setting that has had extensive
volcanism? Do you have any constrains from well data? I would expect an elevated
geothermal gradient. Author Response: There are some data from geothermal explo-
ration wells in the region. The gradients observed are mostly in the 18 – 24 ◦C/km, but
a couple wells yielded 34 and 175 ◦C/km. So it is likely variable and perhaps elevated
near the fault. We suggest however that the nominal gradients are probably more ap-
propriate for the regional groundwater flow patterns. Sommer, S. N., and Budding, K.
E.: Low-temperature thermal waters in the Santa Clara and Virgin River valleys, Wash-
ington County, Utah, in: Cenozoic Geology and Geothermal Systems of Southwestern
Utah, edited by: Blackett, R. E., and Moore, J., Utah Geological Association, Salt Lake
City, 81-95, 1994.

L392: One thing that may be worth signposting in the introduction is the high resolution
of dates that can be obtained through the study of these systems (and hence why
studies such as this are so important to the community) Author Response: Thank
you for the suggestion – we have added a statement to this effect at the end of the
introduction. L441: I struggled to assess how robust this was from the presented
data. The four geo-chemical set’s is clear but how this fits into the field relationships
is ambiguous. You only mention 2 ’orientation- sets’, how does cross cutting relate
to these? Author Response: We have updated the text to be more clear about these
relationships.

L449: This is strongly suggested through your vein micro-structure you have presented
both in the main text and the supplementary information.. this is a larger dataset and
backs up the smaller dataset. I think it is worth highlighting this. Author Response: We
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agree.

L454: Is it feasible to have no exhumation of the footwall? I am not sure i agree,
particularly with the differential elevation observed in Fig1. Author Response: We
agree that there must be some exhumation of the footwall. The best constraint we
can apply is using the incision rate of the Virgin River as a maximum – assuming
the landscape is in steady state, the erosion rate might be a good measure of this (a
maximum). The Virgin River has an estimated incision rate of 338 m/Myr (Walk et al.,
2019), and this equates to ∼180 m of incision since 540 ka. We added this information
to the text to estimate the maximum of depth vein formation – it is still shallow (70 to
480 m).

L456: see point about geothermal gradient in the previous section.. does this also have
implications for the published estimates at Pah Tempe? Author Response: See prior
comment on the constraints on the geothermal gradient.

L463: Mineralised breccias can also form due to rapid burial & differential fluid column
height, see Peacock et al., 2019 -> https://doi.org/10.1111/ter.12371 Author Response:
Thank you for this citation. Based on the geological history of the area and this fault,
we do not think this process is relevant in this case.

L483: The shallow nature of this is a key point to highlight, although it will be a low
estimate due to exhumation & erosion of the FW

Author Response: We agree, and we have improved the depth estimate.

L491: This will have strongly effected the flow properties of the system. Author Re-
sponse: Text was added to highlight this.

L523: What is the grey-scale range? could you add a scale for this in the top left of the
image? Author Response: An elevation scale bar was added.

F2: I would like to see the lithologies other than the basalts either in a stratigraphic
column or in the presented map. Could a colour scale for elevation be added to the
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figure? Author Response: We feel that added the lithologies to this map will be too busy
and render it very difficult to read, and we refer the readers to the excellent geological
maps of the area that are all available on the Utah Geological Society’s website, and
free to download. A color scale bar for elevation was added.

F3: Generally really nice figure, however, a couple of suggested edits: ’calcite veins
sets’ appears to be slightly rotated? How are these slopes calculated? There appears
to be a lot of scatter. What is the uncertainty in slopes? Author Response: Thank you!
The slopes were determined by linear regression. Agreed, there is a fair amount of
scatter, and we have added the rˆ2 values to the plot to help quantify this.

F4: (inset) It appears the frequency does not match the presented n values? Is there
not 7 results presented for set 1 & 37 for Set 3. Author Response: Correct! We fixed
the figure.

F5: The text size for the lithologies are too small Author Response: The text size was
increased

Supplementary information FS1: (1) What are these two EW trending black lines re-
ferring to? The state boundary? (2) The text size for the segments are inconsistent
(3) is the fault trace truly contentious? Author Response: Those E-W lines were errors
in the figure and have been corrected. The text size has been fixed. To the north the
Hurricane fault trace is less distinct and smaller faults step over to the East.

FS2: (1) Section boundary out of alignment with the figure below, i suggest shrinking
the formation column slightly to give more space for the text in the member column, (2)
At several points the variable text size impacts the readability of the figure. Additionally
"THICKNESS" and "LITHOLOGY" should not be in full capitals. Being slightly unfamil-
iar with the local geology I’d have liked to the stratigraphic column in the main text to
aid broader context. It could be combined with Figure 2? (3) The schematic log needs
a key & grain size scale. (4) Capitalisation is missing for several Geological members
(e.g. Upper Red Member) Author Response: We have revised this figure significantly.
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In fact, we have simplified the figure because it included unnecessary detail that is not
discussed in the paper. This figure is just to provide some context for the readers, but
it is beyond the scope of this paper to recast the excellent geological mapping that has
occurred in the area and is readily available.

L13-14: This sentence is a little clunky, consider revising

Author Response: Fixed.

L14: Could you please present the kinematic data for the described structures either
in the main text or supplementary information? How many sets and what type of sets
(age, chemical, orientation)? Author Response: A new figure is included in the supple-
ment with the vein and fracture orientations.

L15: Please also check the fault name is consistent in the supplementary information
and figures. Author Response: The supplement was updated for consistency.

L16: what proportion of the samples/studied structures? Author Response: Probably
70% L31: How continuous are the fault breccias?

Author Response: It depends on the location. There are some exposures where the
fault breccias are continuous over 100’s of meters, and in other locations very localized.

L36: what is the spatial distribution of these cemented breccias relative to the main
fault?

Author Response: Based on the data we have, we cannot quantify this across the
whole study area. Where we have observations, the breccias are either directly asso-
ciated with the main fault trace or are within several meters.

L39: It would be good to see the lineation data preserved on these. Is there any
variability between layers? purely extensional or is there a dip-slip component? How
variable is the kinematic data across the different sites? Author Response: We only
have limited data on the slip surfaces.
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FS3: This figure is nice and provides some of the structural context that was miss-
ing in the main text. However, could the orientation of the field photographs please
be included in the figure. For clarity a scale bar could be useful (or a mention of the
length of your scales in the figure caption). Also the lettering needs to be aligned with
each other. In (f) mineralisation appears to be tracing along pre- existing structures
here. I think a clear differentiation between ’age’ sets defined by geochronology and
geochemistry and ’orientation sets’ needs to be woven into the manuscript. Author
Response: The figure has been edited and some of this content is now in the main
text. With respect the last sentence, we feel that we have differentiated between rela-
tionships constrained by geochronology versus those based on observed cross-cutting
relationships.

FS4: Please align lettering and similar to the previous supplementary figure please add
in a scale bar and orientation to the field photographs Author Response: The figure has
been modified to adjust the lettering. These are unoriented photos, and include some
common objects for scale in the photos.

L48: What is the type of fault breccia? Author Response: We did not classify the fault
breccias we observed.

L54: Do you have an appreciation of the relative timing of this alteration? is it recent
GW circulation or related to the mineralisation? Is it preferentially related to specific
fracture sets and/or orientations? Author Response: This is a good question. Given
that the reducing fluids are needed to bleach these zones, we do not think they are
related to recent groundwater circulation. This alteration is most common closest to
the main fault trace, associated mostly with the ∼N-S oriented fractures.

Interactive comment on Solid Earth Discuss., https://doi.org/10.5194/se-2020-69, 2020.
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