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¥Sr/ *Sr of carbonates can still be diagenetically altered although the samples meet the stricter geochemical criteria of retention.

Public summary
m The Monitor Range section records significantly higher ¥St/*Sr values than the coeval seawater.
m The radiogenic ¥’Sr/*Sr ratios can be fully attributed to diagenetic alteration.

m A comprehensive approach that incorporates evaluation of *’Sr/*Sr correlations with diagenetic indicators and numerical
simulation is proposed to identify the primary seawater Sr isotope signal.

Citation: Hu D P, Li D D, Zhou L, et al. Diagenetic effects on strontium isotope (*’Sr/*Sr) and elemental (Sr, Mn, and Fe) signatures of Late Ordovician
carbonates. JUSTC, 2023, 53(5): 0503. DOI: 10.52396/JUSTC-2022-0160


mailto:hudp08@mail.ustc.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/

N

UST
http://justc.ustc.edu.cn

Diagenetic effects on strontium isotope (¥ Sr/*Sr) and elemental
(Sr, Mn, and Fe) signatures of Late Ordovician carbonates

+

Received: November 11, 2022; Accepted: December 12, 2022

Dongping Hu' < Dandan Li', Lian Zhou?, Lilin Sun', and Yilun Xu'

!School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, China;
2State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Wuhan 430074, China

>Correspondence: Dongping Hu, E-mail: hudp08@mail.ustc.edu.cn
© 2023 The Author(s). This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Read Online

Cite This: JUSTC, 2023, 53(5): 0503 (9pp)

Abstract: Understanding the effect and extent of diagenesis on the isotopic compositions of Sr in marine carbonates is a
critical prerequisite for their use to unravel past environments. Here, we explore the dominant controls on carbonate
¥Sr/*Sr of a Late Ordovician section from the Monitor Range, USA. Our results reveal a distinct increase in *Sr/*Sr from
0.70794 to 0.70830 in the mid-upper D. ornatus zone, which is markedly higher than the published datasets of contempor-
aneous samples with a relatively lower and stable ¥Sr/*Sr ratio of ~0.7079. These elevated *’Sr/**Sr ratios suggest a local
and post-depositional overprint and cannot be interpreted to reflect the *’St/*Sr of the coeval seawater. Furthermore,
¥Sr/*Sr exhibits statistically significant positive correlations with geochemical indicators for diagenesis ([Mn], [Fe],
Mn/Sr, Fe/Sr), indicating that diagenetic alteration is the principal control on the observed radiogenic *’Sr/*Sr values. Us-
ing a numerical model of marine diagenetic fluid-rock interaction, we demonstrate that the observed Sr isotopic and ele-
mental data can be best explained by the chemical variations in bulk carbonates associated with diagenetic alteration. Our
results highlight that diagenesis may significantly alter the pristine ¥St/*Sr ratios of carbonates than previously thought, al-
though the samples satisfy the stricter geochemical criteria of Sr isotope preservation ([Sr] > 300 ppm, [Mn] < 300 ppm,
[Fe] < 1000 ppm, Mn/Sr < 0.2, Fe/Sr < 1.6), pointing to the need for more caution when using bulk carbonate *Sr/*Sr as a

tracer of paleoenvironmental changes.
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1 Introduction

The ubiquitous deposition of sedimentary carbonates along
passive continental margins over the last 3.8 billion years
provides the potential for long-term, continuous, and high-
resolution records of past environmental conditions'. These
records can be examined by geochemical analyses of carbon-
ates based on their stable isotope compositions (e.g., 8°C,
8"0, 6”*U) and/or trace element contents (e.g., I/Ca, Ce/
Ce")*7l. In particular, carbonate strontium isotope (*’Sr/**Sr)
records could offer important constraints on the magnitude
and timing of continental weathering, paleoclimate changes,
and tectonic activities in the geological past®'“. In addition,
¥Sr/*Sr stratigraphy has long been used as a chemostrati-
graphic technique to correlate strata over the last billion
years!” ") especially when biostratigraphic data are deficient
or unavailable. However, multiple factors can influence the
extent to which the ¥Sr/*Sr of bulk carbonates traces the sea-
water Sr isotope compositions at the time of deposition; for
instance, post-depositional diagenesis is the most prevalent
and significant mechanism that could alter the primary
¥Sr/*Sr signatures of carbonate!>*"**. As a result, diagenetic
alteration must be carefully assessed prior to interpreting car-
bonate ¥’Sr/*Sr as records of secular changes in seawater
Sr/%Sr.
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The mid-late Katian immediately before the Hirnantian gla-
ciation (latest Ordovician) is an excellent time interval during
which to investigate the major controls on ¥Sr/*Sr of bulk
carbonates because large published datasets have shown a
relatively stable and lower seawater ¥Sr/*Sr value of
~0.7079% > This low *’St/**Sr ratio has commonly been at-
tributed to enhanced weathering of fresh volcanic rocks, lead-
ing to a more juvenile seawater ’Sr/*Sr value, as well as
lowering of atmospheric CO, levels, global cooling, and the
first significant ice age of the Phanerozoic (Hirnantian glaci-
ation, ca. 443 Ma)"“"->*1 Thus, if the observed coeval
¥Sr/*Sr records do not coincide with this value (i.e.,
~0.7079), then other factors must have been involved to
change the primary “Sr/*Sr of the studied samples.

In this study, we examined the *¥Sr/*Sr and elemental con-
centrations of Sr, Mn and Fe ([Sr], [Mn], [Fe]) in bulk car-
bonate rocks from the Monitor Range section situated in cent-
ral Nevada, USA. We focus on this locality because it
provides continuous and undisturbed Late Ordovician sedi-
mentary records with well-established biochronological and
geochemical data™ ™", offering a promising opportunity to ex-
plore the potential factors that could have modified the origin-
al ¥Sr/*Sr signals of carbonate. We develop a fluid-rock in-
teraction modeling to further evaluate the resetting of ¥Sr/*Sr
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and elemental concentrations of Sr, Mn, and Fe during post-
depositional diagenesis and compare the model predictions
with observed records to demonstrate how incorporating geo-
chemical data alongside diagenetic model results can support
the identification of pristine seawater ¥Sr/*Sr ratios.

2 Geological settings

The Monitor Range section (39°12.660'N, 116°24.257'W), in
north-central Nevada, USA, is exceptionally exposed and al-
lows high-resolution collection of samples spanning the Katian-
Hirnantian interval. Previous studies of this section have es-
tablished a robust stratigraphic framework, including
biostratigraphy, sedimentology, and chemostratigraphy™ .
The biostratigraphy, based mainly on graptolites, is well con-
strained and composed of the D. ornatus and P. pacificus
zones in ascending order for the Katian stage (Fig. 1). These
biozones can be correlated regionally and globally with coev-
al successions™ >

Sedimentologically, the D. ornatus zone consists mainly of
clayey lime mudstone to brown-gray to dark brown cal-
careous mudstone interbedded with dark gray lime mudstone
(Fig. 1). The overlying lower-middle P. pacificus zone is
dominated by the lithology of thin- to medium-bedded dark
gray lime mudstone and interbeds of clayey lime mudstone to
calcareous mudstone. Stratigraphically higher, the upper part

of the P. pacificus zone is composed predominantly of
medium- to thick-bedded lime mudstone interbedded with
thin calcareous mudstone and chert nodules, blebs, bulbous,
and stringers.

3 Methods

3.1 Sample preparation

A total of 36 bulk carbonate samples spanning the mid-late
Katian from the Monitor Range section are washed thor-
oughly with deionized water to remove surface contaminants
and sliced into small pieces or chips to remove any visually
weathered parts and altered materials. The dried sample
pieces were then pulverized into powder (< 200 mesh) using a
vibratory disc mill for geochemical analyses.

3.2 Analyses of elemental concentrations and ¥Sr/*Sr

Approximately 0.12 g of each sample was dissolved in 30%
acetic acid using a 10-mL precleaned centrifuge tube at room
temperature to avoid dissolution of noncarbonate phases. The
samples were then centrifuged to separate the supernatant
from insoluble residues. Aliquots of clear supernatant were
evaporated to dryness and brought up in 2% HNO; for ele-
mental concentration analyses on an ICP AES instrument.
Typical precision was better than 10% (20) based on
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Fig. 1. Lithological, ¥Sr/*Sr, [Sr], [Mn], Mn/Sr, [Fe], and Fe/Sr profiles of the Monitor Range section. Graptolite biostratigraphy and lithostratigraphy are
based on Finney et al.™. Solid curves are the locally weighted scatterplot smoothing (LOWESS) fits for the geochemical data.
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duplicate analyses of in-run check standards.

For the ¥Sr/*Sr measurements, the sample supernatants
were dried completely and taken up in 2.5 mol/L HCI for Sr
purification. Purification of Sr was conducted following
standard cation-exchange procedures”™. The ¥Sr/**Sr of puri-
fied samples was measured on a Thermo Scientific Triton
thermal ionization mass spectrometer. The reported ¥Sr/*Sr
ratios were corrected for instrumental mass discrimination us-
ing a normal Sr ratio of *Sr/*Sr = 0.1194, with typical preci-
sion better than 0.00001 (20).

4 Results

We observed distinct stratigraphic variations in ¥Sr/*Sr and
elemental concentrations (i.e., [Sr], [Mn], [Fe]) in the Monit-
or Range section (Fig. 1, Table 1). The ¥Sr/*Sr in the lower
D. ornatus zone declines from 0.70814 to 0.70794 over the
interval of 0-34.7 m. Synchronously, [Sr] increases from
257.0 ppm to 700.6 ppm, accompanied by relatively low con-
centrations of Mn and Fe, thus resulting in low ratios of
Mn/Sr and Fe/Sr in this interval. *Sr/*Sr then rises

Table 1. ¥Sr/*Sr and elemental data from the Monitor Range section, Nevada, USA.

Sample Stage Biozone YSr/*Sr +20 Sr (ppm) Mn (ppm) Fe (ppm) Mn/Sr Fe/Sr Height (m)
MRS-111 Katian P. pacificus 0.707963 0.000001 600.1 55.6 355 0.09 0.06 135.1
MRS-109 Katian P. pacificus 0.707952 0.000006 770.8 27.6 30.1 0.04 0.04 131.1
MRS-106 Katian P. pacificus 0.707933 0.000009 865.6 53.5 67.2 0.06 0.08 127.9
MRS-102 Katian P. pacificus 0.708060 0.000004 589.0 89.9 147.6 0.15 0.25 124.0
MRS-100 Katian P. pacificus 0.708010 0.000005 835.1 73.2 3439 0.09 0.41 114.7
MRS-98 Katian P. pacificus 0.707954 0.000005 939.2 74.5 485.4 0.08 0.52 113.1
MRS-95 Katian P. pacificus 0.707915 0.000005 971.3 65.1 390.5 0.07 0.40 1113
MRS-91 Katian P. pacificus 0.707958 0.000004 816.8 85.0 292.6 0.10 0.36 108.2
MRS-89 Katian P. pacificus 0.707926 0.000006 771.6 62.6 113.9 0.08 0.15 105.8
MRS-86 Katian P. pacificus 0.707951 0.000006 1205.2 104.3 400.4 0.09 0.33 103.7
MRS-83 Katian P. pacificus 0.707924 0.000008 1034.6 84.9 324.7 0.08 0.31 101.6
MRS-79 Katian P. pacificus 0.708004 0.000006 1251.7 1389 249.6 0.11 0.20 96.2
MRS-74 Katian D. ornatus 0.708270 0.000006 993.6 265.9 - 0.27 - 92.9
MRS-71 Katian D. ornatus 0.708172 0.000006 790.4 283.8 - 0.36 - 89.0
MRS-67 Katian D. ornatus 0.708105 0.000006 1006.7 160.4 641.4 0.16 0.64 86.0
MRS-64 Katian D. ornatus 0.708250 0.000005 671.1 218.7 1124.1 0.33 1.68 82.0
MRS-61 Katian D. ornatus 0.708302 0.000005 648.6 258.3 1384.2 0.40 2.13 78.5
MRS-57 Katian D. ornatus 0.708228 0.000005 638.8 234.8 1734.9 0.37 2.72 75.7
MRS-53 Katian D. ornatus 0.708256 0.000006 643.7 293.0 2270.9 0.46 3.53 73.0
MRS-49 Katian D. ornatus 0.708242 0.000005 634.7 270.6 2548.4 0.43 4.02 69.2
MRS-45 Katian D. ornatus 0.708197 0.000006 522.4 231.9 1840.0 0.44 3.52 66.1
MRS-41 Katian D. ornatus 0.708110 0.000004 521.9 179.4 1643.3 0.34 3.15 62.6
MRS-37 Katian D. ornatus 0.708198 0.000004 606.1 182.3 1443.9 0.30 2.38 59.8
MRS-34 Katian D. ornatus 0.708089 0.000004 593.7 208.5 1198.5 0.35 2.02 56.9
MRS-32 Katian D. ornatus 0.708188 0.000006 543.2 162.0 1049.5 0.30 1.93 55.6
MRS-28 Katian D. ornatus 0.708149 0.000005 584.9 127.9 935.6 0.22 1.60 53.1
MRS-25 Katian D. ornatus 0.708110 0.000005 479.2 117.4 441.7 0.25 0.92 51.7
MRS-24 Katian D. ornatus 0.707967 0.000005 632.8 40.6 23.4 0.06 0.04 39.7
MRS-19 Katian D. ornatus 0.707987 0.000004 597.9 383 23.6 0.06 0.04 36.3
MRS-16 Katian D. ornatus 0.707939 0.000004 700.6 38.1 26.9 0.05 0.04 34.7
MRS-12 Katian D. ornatus 0.707957 0.000004 595.1 41.2 25.7 0.07 0.04 32.8
MRS-11 Katian D. ornatus 0.707954 0.000004 496.8 40.8 42.5 0.08 0.09 17.8

MRS-9 Katian D. ornatus 0.707996 0.000004 488.2 38.7 36.1 0.08 0.07 15.2

MRS-7 Katian D. ornatus 0.707989 0.000004 466.5 28.9 19.5 0.06 0.04 12.2

MRS-5 Katian D. ornatus 0.707985 0.000004 332.4 45.4 20.4 0.14 0.06 6.2

MRS-1 Katian D. ornatus 0.708137 0.000005 248.1 85.9 59.1 0.35 0.24 0.9
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Fig. 2. Comparison of carbonate *’St/*Sr records in the present study with published datasets derived from conodonts. The gray solid line is the LOWESS
curve of ¥Sr/*Sr datasets from Qing et al. ™", Shields et al. ", Saltzman et al."'”, and Edwards et al.""), representing the best fit for the published Ordovi-
cian “Sr/*Sr data'”. The time scale of the Ordovician is based on Geologic Time Scale 2020, and the stage slices are from Bergstrom et al. . Hi.:

Hirnantian.

continuously in the middle D. ornatus zone and reaches a
maximum of 0.70830 at 78.5 m. This increase in ¥Sr/*Sr co-
incides with an overall decline in [Sr], showing a roughly re-
verse stratigraphic trend of the two. Additionally, the [Mn],
[Fe], Mn/Sr, and Fe/Sr ratios display congruent increasing
trends in the corresponding interval.

The ¥St/*Sr then returned to a lower ratio of 0.70792 at
101.6 m at the top of the D. ornatus zone. Again, [Sr]| dis-
plays an increasing trend coincident with prominent de-
creases in the [Mn], [Fe], Mn/Sr, and Fe/Sr ratios in this inter-
val. Higher section, ¥Sr/*Sr shows limited variations between
0.70792 and 0.70806 at the P. pacificus zone over the inter-
val of 103.7-135.1 m, coinciding with lower and stable val-
ues of [Mn], [Fe], Mn/Sr, and Fe/Sr. We note that the Mn/Sr
ratios are consistently very low, falling below 0.4 in almost
all of the data and averaging approximately 0.19 (Table 1,
Fig. 1).

5 Discussion

5.1 Comparison with the published Katian ¥Sr/*Sr data-
sets

To evaluate the validity of our newly obtained Sr isotope re-
cord from the Monitor Range section, we compared them
with the published coeval *’Sr/*Sr datasets after calibration to
the age framework based on Geologic Time Scale 2020%".
Sixteen out of 36 ¥Sr/*Sr values from the Monitor Range
section vary between 0.70808 and 0.70830, showing a re-
markable offset (with an average of 0.00029) with the coeval
seawater 'Sr/*Sr ratio of ~0.7079""* ™! (Fig. 2). These anomal-
ously radiogenic values suggest that local effects have shifted

05034

the primary Sr isotopic signals and thus cannot represent the
secular changes in *’Sr/*Sr of global seawater.

5.2 Controls on *Sr/*Sr records of the Monitor Range
section

Carbonates from geological records have suffered various de-
grees of diagenetic alteration since their deposition, which is
the most common factor that can modulate the ¥Sr/*Sr ratios
and the degree to which they track the variations in coeval
seawater ¥Sr/*Srl'*-2=%1 During diagenesis, the trace ele-
ment concentrations of carbonates would change systematic-
ally with the importation of foreign Sr, which could signific-
antly alter the original ¥Sr/*Sr. To evaluate the importance of
diagenesis that may influence the *Sr/*Sr records at the Mon-
itor Range section, we examined the [Sr], [Mn], [Fe], Mn/Sr,
and Fe/Sr ratios (Fig. 3). [Mn], [Fe], Mn/Sr, and Fe/Sr ratios
are important for evaluating the preservation of carbonate
¥Sr/*Sr values, as Mn and Fe can act as tracers of nonmarine
diagenetic fluids, such as continental, meteoric, and meta-
morphic fluids, which are commonly characterized by higher
Mn and Fe concentrations and radiogenic *Sr/*Sr
ratios™-*>*> I, Post-depositional diagenetic processes com-
monly result in high ¥Sr/*Sr ratios along with an enrich-
ment of Mn and Fe and depletion of Sr in the final
carbonates!'”**>*>*1"ag Mn and Fe have larger partition coef-
ficients, leading to preferential incorporation into carbonate
from diagenetic fluids®**"-**. The diagenetically altered car-
bonates, therefore, may be theoretically expected to have
higher [Mn] and [Fe] with lower [Sr] and thus higher Mn/Sr
and Fe/Sr ratios than the primary phase"***1. Hence, the
comprehensive study of *Sr/*Sr with [Mn], [Sr], and [Fe] is
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promising to assess the intensity of post-sedimentation altera-
tion on the original ¥Sr/*Sr of carbonates®™ ..

Previous studies have attempted to use [Sr], [Mn], [Fe],
Mn/Sr, and Fe/Sr values as geochemical criteria for identify-
ing the least altered carbonates. For instance, Burke et al. [
constructed the Phanerozoic ¥Sr/*Sr curve by using bulk car-
bonates with [Sr] > 200 ppm, and Denison et al.®* used the
values of [Sr] > 900 ppm, [Mn] < 300 ppm, and Mn/Sr < 0.5
for late Paleozoic shelf carbonates. Edwards et al.!! analyzed
the paired ¥Sr/*Sr of well-preserved conodont apatite and
bulk carbonates from the Ordovician and suggested that the
original seawater *’Sr/*Sr can be faithfully recorded in bulk
carbonate with [Sr] > 300 ppm, and Wang et al. " proposed
that samples with [Mn] < 300 ppm, [Fe] < 1000 ppm, and
Mn/Sr < 1 are capable of preserving signals of Permian sea-
water ¥Sr/*Sr. When including the Fe/Sr ratios, Kuznetsov et
al. " suggested that carbonates are likely to preserve the
primary Sr isotopic composition if Mn/Sr < 0.2 and Fe/Sr <5,
and Rud’ko et al. ™! evaluated the ¥Sr/**Sr of Upper Jurassic
carbonates under stricter values of Mn/Sr < 0.2 and Fe/Sr <
1.6. Collectively, [Sr] > 300 ppm, [Mn] < 300 ppm, [Fe] <
1000 ppm, Mn/Sr < 0.2, and Fe/Sr < 1.6 can be considered as
more severe and stricter geochemical criteria for Sr isotope

0503-5

preservation in Ordovician carbonate rocks.

In the Monitor Range section, all the samples have [Sr] >
300 ppm and vary between 332.4 and 1251.7 ppm with an av-
erage of 709.7 ppm (n = 35), except for a value of 248.1 ppm
obtained in one sample at the base of the studied section
(Fig. 1, Table 1). [Mn] is lower than 300 ppm and ranges
from 27.6 to 293.0 ppm, with a mean of 125.2 ppm (n = 36).
Twenty-four out of 34 samples have [Fe] < 1000 ppm and
range from 19.5 to 2548.4 ppm with an average of 629.9 ppm
(n=134) (Figs. 1 and 3, Table 1). Correspondingly, the Mn/Sr
of the Monitor Range section exhibits low values ranging
from 0.04 to 0.46 with a mean of 0.19, while Fe/Sr ranges
from 0.04 to 4.02 with a mean of 1.00 (Table 1). On the basis
of the abovementioned geochemical criteria of preservation of
the Sr isotope system in Ordovician limestones (i.e., [Sr] >
300 ppm, [Mn] < 300 ppm, [Fe] < 1000 ppm, Mn/Sr < 0.2,
Fe/Sr < 1.6), the ¥Sr/*Sr of the samples from the Monitor
Range section with [Fe] > 1000 ppm, Fe/Sr > 1.6, and
Mn/Sr > 0.2 may be considered to have been diagenetically
altered.

Although some samples meet the geochemical criteria,
their *’Sr/*Sr values are still higher than that of coeval seawa-
ter (~0.7079, Fig. 2), suggesting that diagenesis or other post-
depositional processes remain the dominant controls on the
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observed ¥Sr/*Sr. To further check whether these elevated
¥Sr/*Sr ratios could be interpreted entirely by diagenetic al-
teration, we dissect the correlations of *Sr/*Sr with [Mn],
[Fe], Mn/Sr, and Fe/Sr (Fig. 3). The scatter plots of *Sr/*Sr
vs. [Mn], Mn/Sr, [Fe], and Fe/Sr all show statistically signi-
ficant positive correlations (p < 0.01, » = +0.8931, +0.9134,
+0.8310, and +0.8342, respectively; Fig. 3a—d). Furthermore,
the correlations of [Mn] with [Fe] and Mn/Sr with Fe/Sr are
also significant (p < 0.01, » = +0.9406, +0.9072, respectively;
Fig. 3e—f). These positive correlations are consistent with the
prediction of ¥Sr/*Sr trends to higher values with depletion of
Sr and enrichment of Mn and Fe during diagenetic
alteration"**"*>*1. Collectively, we suggest that diagenetic re-
setting is likely to fully account for the radiogenic *’Sr/*Sr ra-
tios of bulk carbonates from the Monitor Range section.

6 Developing a theoretical model for
¥Sr/*Sr variation during carbonate
diagenesis

To more systematically and quantitatively constrain the influ-
ence of diagenetic alteration on the ¥Sr/*Sr records at the
Monitor Range, we develop a numerical open system fluid-
rock interaction model that involves the evolution of [Sr],
[Mn], [Fe], Mn/Sr, Fe/Sr, and ¥Sr/*Sr ratios during carbonate
diagenesis to interpret the observed trends®"*. In this model,
the concentration of element 7 (e.g., Mn, Sr, Fe) in the carbon-
ate (C)) is expressed using the following equation:

C =DCl+(CP - D,.c{°)exp(—% ) (1)
where C?° and C/° are the initial concentrations of element i in
the carbonates and fluid, respectively. D; is the effective fluid-
rock distribution coefficient and is defined by the ratio of
CitoC! (i.e., D, = C//C)). N is the weight ratio of fluid to
carbonate.

The final strontium isotopic composition of carbonate
((VSr/*Sr)") is a function of the ratio of the initial Sr concen-
tration in carbonates (CY) to that in fluid (CL)), the initial

“Sr/*Sr isotope ratio of carbonates ((*’Sr/*Sr)”) and fluid
((VSr/*Sr)"), the effective fluid-rock distribution coefficient
(Dg,), and the weight ratio of fluid to carbonate (), which is
described by the following formula:

("Sr/%Sr) =
0

(C—*) (Sr/%Sr) " +(¥Sr/*Sr)”’ Dy, [exp(Dﬂ) —1]

cl st
(E)o-{eol:)
cr )7\ b,

The modeling outputs are illustrated in Figs. 4 and
5, providing a theoretical basis for the evolution of *¥Sr/**Sr
with [Sr], [Mn], [Fe], Mn/Sr, and Fe/Sr. The element concen-
trations in fluid (C/°) used in this model are variable to cap-
ture a broader significance for the natural burial environ-
ments. For fluids with relatively high Sr concentrations, such
as Sr-rich brine (e.g., C2/C% < 10), the “'St/*Sr of carbonates
could be easily altered via fluid-rock interactions with low
fluid-to-rock ratios (N < 1, Fig. 4a). Our model predicts that
¥Sr/*Sr would increase simultaneously with increasing [Mn],
[Fe], Mn/Sr, and Fe/Sr ratios during diagenesis of carbonates
(Fig. 5). When applying the modeling results to the studied
samples, the observed covariations between ¥Sr/*Sr and dia-
genetic indicators ([Mn], [Fe], Mn/Sr, Fe/Sr) can be largely
reproduced through fluid-rock interactions (Fig. 6), further
supporting that the anomalously radiogenic ¥Sr/*Sr values in
the Monitor Range section can be best explained by diagenet-
ic alteration.

2

7 Implications of carbonate diagenesis
for the Sr isotope paleoenvironmental

proxy

Our results have two substantial implications for the explana-
tion of Sr isotopic records in geological carbonates. First, our
results demonstrate that post-depositional diagenesis can res-
ult in significant stratigraphic variations in*’Sr/*Sr of carbon-
ate rocks that do not represent primary changes in isotopic

0.7115
(a) (b) diagenetic
0.711}F 0.7083 carhonate
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0.7105r carbonate
0.71}F 0.7082
@ ’ 7
o ©
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= = 0.7 L
%) %
© 0.709 cuick=3 | @
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N
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Fig. 4. Modeling results illustrating the evolution of carbonate ’Sr/**Sr versus the weight ratio of fluid to rock (V) and [Sr] during fluid-rock interactions
in an open system condition. (a) *’Sr/*Sr versus N, (b) *’Sr/*Sr versus [Sr]. An increasing N value representing a greater volume of fluid has reacted with
carbonate. The final ¥Sr/*Sr of carbonate is simulated with different initial Sr concentrations of fluid (i.e., C3 /Cé? =3, 13, 26, and 65). The (*'Sr/*sr)”

r

and €Y of the primary carbonates are assigned to be 0.7079 and 1300 ppm, respectively, comparable with those of the least-altered samples from the
Monitor Range section. The effective fluid-rock distribution coefficient of Sr (Ds;) and ¥Sr/*Sr of fluid ((*’St/%68r)’®) are set to 1 and 0.711%" >,

respectively.
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Fig. 5. Modeling results illustrating the evolution of carbonate ¥Sr/*Sr
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versus Mn/Sr, (c) ¥Sr/*Sr versus [Fe], (d) ¥St/*Sr versus Fe/Sr. Dy, =
600, D = 150" Other constant parameters are same as in Fig. 4.
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Fig. 6. Crossplots of modeled *’Sr/**Sr and geochemical indicators of dia-
genesis ([Mn], Mn/Sr, [Fe], and Fe/Sr) overlain over data from the Mon-
itor Range section. (a) ’Sr/**Sr versus [Mn], (b) ¥’St/**Sr versus Mn/Sr, (c)
¥Sr/*Sr versus [Fe], (d) ¥Sr/*Sr versus Fe/Sr. The arrows illustrate the
evolution direction of ¥Sr/*Sr with different diagenetic indicators in
primary carbonates during diagenesis. The dotted vertical lines denote
[Mn] = 300 ppm, Mn/Sr = 0.2, [Fe] = 1000 ppm, and Fe/Sr = 1.6, re-
spectively, representing the threshold of the stricter geochemical criteria
for the preservation of Sr isotope systems in carbonates.

and chemical compositions of the coeval seawater, although
the samples satisfy the stricter geochemical criteria of preser-
vation of Sr isotope systems (i.e., [Sr] > 300 ppm, [Mn] < 300
ppm, [Fe] <1000 ppm, Mn/Sr < 0.2, Fe/Sr < 1.6). Second, the
comprehensive examination of correlations between *’Sr/*Sr
and diagenetic indicators ([Mn], [Fe], Mn/Sr, Fe/Sr) and mod-
eling results reveal that the covariations between different ele-
mental proxies provide a geochemical characterization for
identifying the effects of diagenesis on carbonate ’Sr/*Sr re-
cords, highlighting that the combination of geochemical data
and numerical modeling has the potential to improve our un-
derstanding of the fidelity of carbonate Sr isotope paleoenvir-
onmental proxy.

0503-7

8 Conclusions

The carbonates from the Late Ordovician Monitor Range sec-
tion provide important constraints on the importance of dia-
genetic alteration controlling *’Sr/*Sr in bulk carbonate sedi-
ments. Analyses of these carbonates, where the ¥Sr/*Sr of
contemporaneous seawater has been well constrained, provide
critical insights into our ability to reconstruct the ¥Sr/**Sr of
paleo-seawater from carbonates. The main conclusions of this
study are summarized below:

The bulk carbonates from the Monitor Range section
record distinctly higher *Sr/*Sr ratios than that of the coeval
seawater, suggesting that post-depositional processes have
shifted the primary Sr isotopic compositions significantly and
cannot be interpreted to represent the long-term variations in
seawater ¥Sr/*Sr values.

The samples exhibit statistically significant positive correl-
ations of ¥Sr/*Sr with [Mn], [Fe], Mn/Sr, and Fe/Sr, as well
as [Mn] with [Fe] and Mn/Sr with Fe/Sr, which is consistent
with our modeling results that predict *’Sr/*Sr trends to high-
er values with enrichment of Mn and Fe and depletion of Sr
during diagenetic alteration. These observations and model-
ing results strongly suggest that the radiogenic *Sr/*Sr val-
ues of bulk carbonate from the Monitor Range section could
be fully attributed to diagenetic resetting.

Our results highlight that although the carbonates meet the
stricter geochemical criteria of retention of Sr isotope sys-
tems (i.e., [Sr] > 300 ppm, [Mn] < 300 ppm, [Fe] < 1000
ppm, Mn/Sr < 0.2, Fe/Sr < 1.6), their original *’Sr/*Sr values
may still can be diagenetically altered, urging caution in
identifying Sr isotope variations as global until potential dia-
genetic-related changes can be excluded. We propose that
multiple examinations, including correlations between
¥Sr/*Sr and diagenetic indicators ([Mn], [Fe], Mn/Sr, Fe/Sr)
combined with numerical modeling, can be utilized as a use-
ful strategy to demonstrate the preservation of primary seawa-
ter ¥’Sr/*Sr values.
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